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Abstract 
In recent times a new emerging research field has become more and more popular in the optics 
community, which is plasmonics. This discipline studies the surprising optical properties of 
metals at the nano-scale, which are substantially different from those at the macro-scale.  
This thesis presents several theoretical/numerical studies in the field of plasmonics, both 
with fundamental research and with applicative purposes in the fields of photovoltaics and 
sensing. 
One basic problem in plasmonics is the study of optical Bloch modes of planar arrays of 
metallic nanostructures, namely periodic in one or two dimensions but not in the third, what are 
called plasmonic crystal slabs. We present here a finite-elements-based numerical method for 
the modal analysis of such structures, which allows to retrieve complex Bloch modes 
dispersions both of truly bound optical modes and of leaky modes. 
We present then a thorough investigation of the optical properties of a well-known 
plasmonic crystal, which is the 1-D lamellar grating. Our main interest here is the possible use 
of this structure as a light trapping device for photovoltaics applications. We consider its 
integration on top of a silicon solar cell and within a thin film organic solar cell. In both cases 
the mechanisms at the basis of the observed enhancement are analyzed in detail. In the former 
case, experimental evidence of the enhancement predicted by simulations is provided as well. 
For what concerns sensing applications, we carried out three fundamental studies. The first 
concerns metal-coated dielectric wedges for plasmonic nanofocusing. These structures allow at 
a time an efficient coupling of impinging light to surface plasmon polaritons and their 
nanofocusing at the ridge. Finite elements method (FEM) was used to design the structure, 
which has been fabricated by means of FIB milling combined with silicon anisotropic etching 
and replica molding. Near field, and Raman optical characterizations were used to verify the 
nanofocusing effect. 
The second study concerned the individuation and optimization of a plasmonic nanostructure 
suitable for the implementation in an optoelectronic biosensor based on a high electron mobility 
phototransistor (HEMT). Three different nanostructures were studied, maximizing their optical 
response to a surface refractive index variation. The best structure turned out to be an array of 
triangular grooves on a gold thick film, which has been finally fabricated and characterized in 
collaboration with the IOM-TASC Laboratory in Trieste. 
Finally we carried out a study of a class of nanostructures termed as plasmonic vortex lenses, 
constituted by spiral and circular grooves on a gold surface. The great interest in these structures 
stems from their ability to couple and focalize impinging circularly polarized light in the form 
of plasmonic vortices, impressing them an arbitrary orbital angular momentum. We focused in 
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particular on the transmission of such a plasmonic vortices through a hole placed a the lens 
center, analyzing in detail the angular momentum properties of the transmitted field.   
 
 
Sommario 
Recentemente un nuova emergente linea di ricerca è diventata sempre più di rilevo in ottica: la 
plasmonica. Questa disciplina studia le sorprendenti proprietà ottiche dei metalli alla nanoscala, 
che sono sostanzialmente differenti da quelle a scale macroscopiche, alle quali siamo abituati. 
Questa tesi presenta diversi studi teorico-numerici nel campo della plasmonica, con fini sia 
di ricerca di base, sia applicativi negli ambiti del fotovoltaico e della sensoristica. 
Un problema di fondamentale importanza in plasmonica è lo studio dei modi ottici di Bloch 
di array planari di nanostrutture metalliche, anche detti plasmonic crystal slabs. Presentiamo qui 
un metodo numerico, basato sulla tecnica degli elementi finiti, per l’analisi modale di tali 
strutture, tramite il quale è possibile calcolare le dispersioni complesse sia dei modi di Bloch 
puramente confinati, sia di quelli radiativi. 
Presentiamo poi un’estesa analisi delle proprietà ottiche di un ben noto cristallo plasmonico, 
ovvero il reticolo unidimensionale di nano-strisce metalliche. Ci focalizziamo in particolare 
sulla possibilità di usare tale nanostruttura come sistema di trapping della luce, per applicazioni 
al fotovoltaico. A tale scopo consideriamo l’integrazione in una cella solare a silicio cristallino e 
in una organica a film sottile. In entrambi i casi sono analizzati in dettaglio i meccanismi alla 
base dell’aumento di assorbimento della luce calcolato. Nel primo caso, inoltre, è fornita 
evidenza sperimentale dell’enhancement predetto teoricamente.    
Per quanto riguarda le applicazioni alla sensoristica, sono stati condotti tre studi di base.  
Il primo concerne nanocunei dielettrici ricoperti da un sottile strato metallico, atti ad ottenere 
l’effetto del nanofocusing plasmonico. Queste strutture permettono di accoppiare 
efficientemente la luce a plasmoni polaritoni di superficie che sono quindi focalizzati a 
dimensioni nanometriche sul bordo dei cunei stessi. Simulazioni agli elementi finiti hanno 
permesso di progettare la struttura, che è stata poi fabbricata attraverso un processo che combina 
litografia FIB, etching anisotropo del silicio e replica di stampi dielettrici. Tecniche di 
caratterizzazione in near field e Raman hanno evidenziato la presenza dell’effetto di 
nanofocusing desiderato.   
Il secondo studio ha riguardato l’individuazione e ottimizzazione di opportune nanostrutture 
plasmoniche adatte per l’implementazione in un biosensore basato su un fototransistor ad alta 
mobilità elettronica (HEMT). Sono state studiate tre diverse nanostrutture, massimizzando la 
loro risposta ottica a una variazione di indice di rifrazione superficiale. La migliore struttura si è 
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rivelata un reticolo di solchi triangolari su uno strato d’oro. Tale struttura è stata fabbricata e 
caratterizzata in collaborazione con l’istituto IOM-TASC di Trieste. 
Per finire, si è studiata una classe di nanostrutture denominate lenti per vortici plasmonici, 
costituite da solchi a spirale o circolari praticati su una superficie metallica. Il forte interesse per 
queste strutture scaturisce dal fatto che sono in grado di accoppiare la luce incidente a plasmoni 
polaritoni di superficie, imprimendo al campo un momento angolare orbitale. Ci siamo 
concentrati in particolare sulla trasmissione dei vortici plasmonici attraverso lenti plasmoniche 
con un buco al centro, analizzando in dettaglio le proprietà di momento angolare del campo 
trasmesso. 
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Introduction 
 
Plasmonics is an emerging branch of nanooptics and nanophotonics that studies the properties 
of the electromagnetic field resulting from collective electronic excitations in noble metal films 
or nanoparticles, commonly termed as surface plasmons (SPs) [1, 2].  
It has been known for a long time that the nearly-free electron gas in noble metals 
determines their good electric current conduction. What was not realized until the mid of the 
previous century, is that the electron gas determines also surprising optical properties, arising 
from its interaction with high-frequency electromagnetic fields. One reason for this late advent 
of plasmonics is that these unexpected properties are not manifest in everyday life and can be 
observed only in particular conditions. In fact, the dispersion of surface plasmon waves 
propagating on a flat metal surface, also called Surface Plasmon Polaritons (SPPs), lies outside 
the light cone and direct coupling of light to these waves is therefore impossible. As a result, 
what we usually experience of the interaction of light with metals, is just light reflection. It was 
the development and diffusion of new extremely powerful nanofabrication techniques during 
the 90s that allowed to unveil the fascinating phenomenology of surface plasmons. 
Nanostructures enable coupling and guiding SPP waves along the metal surface, opening up a 
plethora of light-plasmon interactions with different characteristics and potentialities.  
In this thesis we study several plasmonic nanostructures presenting a number of interesting 
and still not completely understood phenomena. Beside an intrinsic interest by themselves, these 
structures have valuable potential applications to in the fields of photovoltaics and sensing, that 
will be explicitly addressed in some cases. The approach we adopt is basically numeric: we 
extensively make use of the Finite Elements Method, by means of COMSOL Multiphysics 
software [3], to simulate both the response of the structures to impinging light as well as their 
intrinsic optical eigenmodes.  
This latter task in particular represents a novelty. In fact, while scattering simulations are 
commonly performed with standard Finite Elements Methods (FEM) or Finite Differences Time 
Domain (FDTD) methods, the same cannot be said for the modal analysis of planar plasmonic 
structures that present a periodicity in one or two directions, while being finite in the third 
spatial direction. These structures, sometimes termed plasmonic crystal slabs, are characterized 
by the presence of both bound and leaky plasmonic modes, the latter being those ones which 
allow coupling with impinging light [4]. The optical modes dispersions are the fingerprints of a 
photonic crystals, and their detailed knowledge allows to better understand and discriminate 
those optical properties which are directly related to periodicity.  
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In Chapter 1, after a brief introduction to some basic concepts of plasmonics, we start by 
presenting a novel FEM-based method for the modal analysis of plasmonic crystal slabs of 
arbitrary unitary cell geometry. The tool has proven to be very useful in the comprehension of 
the optical resonances involved in the plasmonic structures presented in the remaining of the 
thesis.        
In Chapter 2 we thoroughly investigate the optical properties 1D lamellar gratings placed on 
top of a hi-refractive-index substrate. This structure is perhaps the most investigated plasmonic 
crystal. It shows a number of interesting optical properties, among which the most celebrated is 
extraordinary optical transmission [5], i.e. the ability of funneling impinging light within the 
inter-strip spaces, resulting in a transmittance much higher than the slit-to-period ratio, as would 
be expected from geometrical optics. This fact, associated to the possibility to spread light 
power among different diffracted waves, makes lamellar gratings attractive for the investigation 
of the basic mechanisms of light trapping in solar cells (SC). 
With light trapping is commonly referred the engineering of light absorption within SCs. 
Beside traditional light trapping techniques, already adopted for a long time in crystalline 
silicon SCs (basically front and back surface texturing, and antireflection coatings), a number of 
new strategies have been recently investigated for application to thin film cells. Plasmonic 
nanostructures, in particular, have proven to offer different forms of light trapping capabilities, 
depending on the nanostructure type (nanoparticles or plasmonic crystals) and on the SC type 
[6]. The idea of exploiting the capabilities of surface plasmons for enhancing the near field 
intensity and redirecting light power to optimize SC absorption dates back to 2008, with the first 
milestone papers on the subjects by Catchpole and Polman [7, 8]. As a matter of fact, one of the 
major problems limiting SC performances is represented by optical losses. These affect both 
traditional crystalline silicon SCs as well as novel typologies of SCs, based on thin films. The 
formers suffer for inherently poor absorption of silicon at photon energies close to its band gap 
(1.1eV), and, as a consequence, high silicon thicknesses are required to completely absorb VIS-
NIR light. On the other hand, thin film SCs, although in general involve active materials with 
much better light absorption capabilities, are constrained by the poor electrical properties, 
characteristic for example of organic semiconductors and amorphous silicon. This enforce the 
thickness of the active layers to few hundreds or tens of nanometers. Obtaining a complete 
broad-range light absorption within these thicknesses is a major issue for improving 
performances. 
After the aforementioned basic study, in Chapter 2 we also report numerical and 
experimental results, obtained in collaboration with IOM-TASC laboratory in Trieste, of the 
implementation of a 1D silver lamellar grating on top of a flat silicon solar cell, highlighting 
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pros and cons of this light trapping strategy for this kind of cells. Finally, we thoroughly 
investigate the absorption enhancement properties of thin silver gratings embedded within the 
structure of a realistic organic thin film SC. The origins of the observed improved absorption 
will be correlated in detail to the optical properties of the nanostructure. 
In the remaining chapters we will show the work done during these three years in designing 
nanostructures for sensing purposes, which exploit different working principles with respect to 
standard SPR plasmonic sensing devices, based on flat thin metal films. One of the criteria that 
has been considered in choosing the plasmonic architectures object of the present thesis work, 
was the ease of nanofabrication and scalability of the process to large scale production. As a 
matter of fact, two of the proposed structures are based on triangular wedge or grooves 
geometries which are easily obtained by anisotropic wet etching of the underlying crystals.  
Arrays of dielectric metal-coated wedges, described in Chapter 3, are designed to produce an 
interesting nanofocusing effect on their ridge. An innovative coupling scheme for obtaining 
such effect is proposed. Simulation, fabrication and characterization results are presented.  
Nanofocusing is the focalization of light power at a scale smaller than the limit imposed by 
diffraction, which is roughly one half the light wavelength [9]. This is made possible by 
exploiting the fact that, at a fixed frequency, SPPs in principle do not have a limit in wave 
vector magnitude. This can be made smaller and smaller by using proper tapered metal 
waveguides. As a result, the field gets strongly localized and enhanced. Nanofocusing has been 
successfully applied to surface enhanced Raman spectroscopy, in what is called tip enhanced 
Raman spectroscopy (TERS) [10]. In TERS a sharp metal tip creates an electric field hot spot at 
its apex. If combined with a scanning system, like in AFMs, this hot spot can be used to scan 
the sample surface to obtained a spatial resolved Raman map.  
In our configuration, we obtain instead a line of hot spots arranged along the wedge ridge. 
We numerically and experimentally demonstrate that this configuration can be exploited for 
enhancing Raman signal. The advantage of the proposed structure lies in an extremely simple 
and scalable nanofabrication process, which naturally leads to extremely low curvature radii at 
the tip. In addition, the structure could be thought as a SPP waveguide for the wedge plasmon 
mode supported by the ridge [11], acting also as an optical trapping device [12]. 
Most of the proposed optical biosensing schemes present in literature involve an optical 
element, which is sensitive to the measurand, and a transduction system, which transform the 
optical signal in an electrical one [13]. In Chapter 4 we present the design of a plasmonic 
biosensor which merges the two detection stages into a unique monolithic device. Different 
nanostructures are studied for implementation within a High Electron Mobility phototransistor, 
which provides a direct electric response to a change of the optical resonances of the overlying 
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plasmonic structure. Among the ones considered, the nanostructure presenting the best 
performance, in terms of sensitivity to a surface refractive index change, results the gold-coated 
triangular groove array, which is practically obtained by anisotropic etching of GaAs. The 
experimental realization of the device, obtained in collaboration with the IOM-TASC 
Laboratory of Trieste, is also outlined.  
Finally, in Chapter 5, we explore the optical properties of a new class of plasmonic structures 
that has been very recently object of great attention in the plasmonics community. It is the 
plasmonic vortex lens (PVL) structure [14]. Such structure consists in a spiral or circular 
grooves grating milled in a gold or silver slab. The interest around this kind of chiral structures 
stems from their ability to couple impinging circularly polarized light to SPP possessing a non-
zero angular momentum, also termed plasmonic vortices. The structure, at the same time, 
focuses the coupled plasmonic vortex at the PVL center. Such a class of structures opens up 
new possibilities for sensing applications, enabling to probe or induce angular momentum to 
molecules interacting with them. Our study focuses in particular on holey PVLs, namely PVLs 
on a finite-thickness metal slab with a hole at their centers. The hole funnels the plasmonics 
vortex coupled by the PVL, transmitting a fraction of the impinging light power down to the 
dielectric substrate. This configuration is particularly suited for sensing applications, combining 
a high field enhancement at the hole, due to the PVL, with a the ability of transmit a light signal 
to the far field. This optical signal possesses information both in its intensity and in its angular 
momentum content.    
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Chapter 1 - Plasmonics 
 
 
1.1 Introduction 
 
Surface plasmon polaritons (SPPs) are electromagnetic (EM) waves that arise from the 
interaction between light and mobile surface charges, typically the conduction electrons in 
metals [1, 2, 15]. As a result of this nature of light-matter interactions, SPPs possess a 
momentum greater than light of the same frequency and, consequently, they are evanescent in 
the direction normal to the metal surface. SPP modes on a planar metal surface are thus bound 
to that surface and guided by it, propagating until their energy is dissipated as heat in the metal.  
The topic of surface plasmon–polaritons has a history going back more than a hundred years. 
The first observation of SPPs was made by Wood [16] in 1902, who reported anomalies in the 
spectrum of light diffracted on a metallic diffraction grating. In 1941 Fano [17] proved that 
these anomalies are associated with the excitation of electromagnetic surface waves on the 
surface of the diffraction grating. In 1968 Otto [18] demonstrated that the drop in reflectivity in 
the attenuated total reflection method is due to the excitation of surface plasmons. In the same 
year, Kretschmann and Raether [19] observed excitation of surface plasmons in another 
configuration of the attenuated total reflection method.  
SPPs have recently attracted renewed interest for a variety of reasons. In part this is because 
there is now a number of nanoscale fabrication technologies that allows suitable sized structures 
to be made and explored as a way of controlling SPPs. Surface plasmon–polaritons are also 
being exploited in bio-molecule sensors [13], and they are seen as one possible route in the 
development of subwavelength optics [20]. In the context of sub-wavelength optics top-down 
techniques for structuring the metal surface are opening up ways to control surface plasmon–
polaritons with increasing precision. 
This chapter is divided into two sections. In the first we will recall some basic concepts of 
plasmonics. After a brief derivation of the important single interface SPP dispersion and a 
discussion of the main length scale involved in plasmonics, we will outline the basic properties 
of trilayer structures, which are the building block of most of the plasmonic devices. Finally we 
will describe the most popular methods to couple impinging light to SPP modes, i.e. the 
attenuated total internal reflection and plasmonic crystals. Despite this latter class of structures 
is perhaps the most common SPP coupling technique, a detailed numerical analysis of the 
modes it supports still remains a challenging task due to their radiative nature. In the second part 
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of this chapter we present a novel Finite-Elements-based modal analysis which tackles the 
problem allowing to calculate SPP Bloch modes of a lossy dispersive photonic crystal slab and, 
in particular, of plasmonic crystals.      
 
 
1.2. Basics of Surface Plasmon Polaritons  
 
1.2.1 The single-interface SPP dispersion     
The dispersion relation of SPPs, the relationship between the angular frequency and in-plane 
wave vector, is the starting point for understanding the basic features of these EM waves. By in-
plane wave vector we mean the component of the mode in the plane of the metal surface along 
which it propagates. In case of a metal surface, corresponding to the plane y = 0, with relative 
permittivity εm, adjacent to a medium of relative permittivity εd, the dispersion relation can be 
easily found by looking for TM-polarized surface mode solutions of Maxwell’s equations 
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being x the propagation direction, k0 = ω/c the vacuum wave vector, and ε equal to εm for y < 0 
and to εd for y > 0. Relative permeabilities are assumed to be 1, and are omitted. We notice that 
kSPPy must be purely imaginary, since the solution we are looking for are bound to the metal 
surface and should therefore be evanescent in y-direction. Imposing continuity boundary 
conditions for E and H fields at the metal-dielectric interface  
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  We notice here that, if εd is real and positive, as it is for usual dielectrics, the requirement of 
evanescence of the wave in z direction requires that εm to be real and negative. This condition is 
largely fulfilled by metals in the visible and near-infrared parts of the spectrum for which εm has 
a large negative real part (the small positive imaginary part being largely associated with 
absorption and scattering losses in metal). For example gold at a wavelength of 830nm has a 
relative permittivity of εm = -29 + 2.1i. This peculiar optical property of metals can be easily 
accounted considering a simple Drude model for free conduction electrons [21], which yields 
the following expression for metal relative permittivity, 
 
2
2
( ) 1
p
m
i

 
 
 

 (1.6) 
where 
2 1/2
0[ / ( )]P ene m   is the plasma frequency, n is the conduction electrons density, e is the 
electron mass, me is the effective electron mass and γ is a damping constant, which accounts for 
collisional effects. As is seen, for ω < ωP the real part of εm is negative. This model furnishes a 
reasonable approximation for the optical properties of good conductors, like silver and gold, in 
spectral regions where interband transition play little role. For silver, typical values are ωP = 
1.2۔1016 rad۔s-1, γ = 1.45۔1013s-1. 
The famous explicit expression for the SPPs dispersion [1] is obtained substituting (1.2) in 
(1.5),  
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d m
k
c
 

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
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 (1.7) 
The dispersion is plotted in Fig. 1.2-1 assuming a Drude model for εm. In order to visualize the 
different phenomenologies enclosed by the SPP dispersion we report in Fig. 1.2-1, for different 
frequencies, the FEM-calculated Hz field distribution at the interface between a metal (gold) and 
a dielectric (air) in presence of a hypothetical line-source of TM polarized cylindrical waves 
placed on the metal surface.   
The dispersion curve shows that at low frequencies the surface mode lies close to the light 
line and is predominantly light-like; it is in this region that it is best described as a polariton. In 
this case the calculated SPP field is weakly coupled to the metal surface and has almost the 
same magnitude and wavelength as the field emitted toward the semi-infinite air half space. 
Although it is close to the light line, this branch of the dispersion keeps always outside of the 
light cone. This implies that light with given frequency cannot excite the corresponding SPP, for 
any impinging angle, since there is always a momentum mismatch between the two types of 
wave. The missing momentum can be provided by proper coupling techniques, as will be 
outlined in section 1.2.4. 
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As the frequency rises, the mode moves further away from the light line. This part of the 
spectrum is typically considered in plasmonic applications and the evanescent wave coupled to 
the plasma oscillation is termed Surface Plasmon Polariton. The SPP field confinement is 
relevant but the imaginary part of the propagation constant is sufficiently low to allow 
propagation for several (tens or hundreds) of microns. The dispersion gradually approaches an 
asymptotic limit, the surface plasmon resonance frequency. This occurs when the relative 
permittivity of the metal and dielectric are of the same magnitude but opposite sign, thus 
producing a pole in the dispersion relation. At these frequencies the imaginary part of the 
propagation constant is extremely high and the plasmon wave can propagate for less than few 
hundreds of nm. In the limit of ω = ωSP = ωP·(1 + εd)
-1/2
 the SPP becomes a non-propagating 
surface plasmon. In the frequency region between ωSP and ωP coupling of the emitted light to 
any plasma oscillation is forbidden and all the emitted light propagates away from the surface. 
Finally, at frequencies above ωP the metal becomes transparent and a bulk plasmon polariton 
wave can propagate across the metal half space.  
 
 
Fig. 1.2-1. SPP dispersion for single metal-dielectric interface. Left: FEM calculated Hz field in case of a line-source 
of TM polarized light placed at the metal-dielectric interface. 
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1.2.2 The length scales of SPPs 
Unlike EM waves propagating in a homogeneous medium, SPPs have several characteristic 
length scales [22]. These are 
 SPP wavelength, λSPP = 2π/Re(kSPP); 
 SPP propagation length, L = 1/[2·Im(kSPP)]; 
 SPP penetration depth in dielectric, δd =  1/Im(kSPPz,d); 
 SPP penetration depth in metal, δm =  1/Im(kSPPz,m). 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 1.2-2. (a) Single metal-dielectric SPP dispersion curves in case of gold and silver, dielectric constants are taken 
from literature [23]; (b) SPP characteristic length scales; (c) SPP Hz field in case of silver and vacuum wavelength 
λ=590nm.   
 
In Fig. 1.2-2, we report the four length scales for silver and gold. The metal dielectric 
permittivities are this time taken from literature [23]. Besides, we report real and imaginary 
parts of the SPP dispersions, the knowledge of which allows to calculated the aforementioned 
lengths. By the way, we notice that, although the dispersion based on experimental 
permittivities look similar to the one calculated with a low-loss Drude model (Fig. 1.2-1), they 
present a back bending and a “S” shape around ωSP. As a matter of fact, although the SPP wave 
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vector tends to diverge for ω → ωSP, its maximum value is limited by losses in metal, accounted 
in the complex-valued εm.  
As is seen in Fig. 1.2-2(b), the scales go from few nm for δm to hundreds of microns for L. 
The SPP wavelength, λSPP, is a relevant from a practical point of view. In fact, if we are to use 
surface structures that act as Bragg scatterers for SPPs, then the length scale of such structures 
need to be of the order of λSPP. As can be seen in Fig. 1.2-2(b), it keeps slightly lower than 
vacuum wavelength across the whole frequency range (when the overlying dielectric is not 
air/vacuum but some other medium, λSPP will be reduced in proportion of the refractive index). 
The propagation length, L, is also important in practice, since it sets an upper limit on the 
size for SPP photonic components or waveguides. Its finite value is due to the complex-valued 
εm which results in a complex SPP propagation constant. Where the coupling of the SPP to 
radiation (freely propagating light) is possible, for example because of surface roughness with 
average size comparable with λSPP, then this radiative loss also contributes to the complex nature 
of the SPP wavevector [24], as will be seen in more detail in section 1.3. 
We note that L is much greater than λSPP. A consequence of this is that grating couplers can 
be effectively used to manipulate SPPs, since the modes are able to interact over many periods 
of the structure. As is seen, a propagation length of 10 μm is obtained for ω < 5.3·1015 Hz (λ > 
540 nm) for silver and ω < 2.7·1015 Hz (λ > 700 nm) for gold. 
Although it is possible to reach much higher L in the IR range, one should take into account 
also the parallel increase of the SPP penetration depth in dielectric δd which can exceed the 
vacuum wavelength in the deep IR. In other words, the increased propagation length is at the 
expense of field confinement. δd gives a measure of the length scale over which the SPP mode is 
sensitive to the presence of changes in refractive index due for example to the binding of 
specific bio-molecules in a bio-sensor [22, 25].  
The decay length in metal plays a crucial role when dealing with thin film SPPs. In fact, 
SPPs on the two metal-dielectric interfaces of a metal layer strongly interact when the film 
thickness is as low as δm. This length keeps almost constant on the values of 20-30 nm across 
the whole spectrum. In practice, significant coupling between SPPs is usually obtained for 
thicknesses below 50nm.    
 
1.2.3 Multilayer systems 
It will be useful for our purposes to recall the plasmonic properties of simple multilayer systems 
consisting of alternating conducting and dielectric films [2]. In such systems plasmonic guided 
eigenmodes arise from the coupling of SPP modes supported by the single metal-dielectric 
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interfaces. This coupling takes place when the separation between adjacent interfaces is 
comparable or smaller than the SPP decay length in the dielectric.  
We will focus in particular to the simple geometries depicted in Fig. 1.2-3(a,b) (insets). They 
are usually termed insulator-metal-insulator (IMI), and metal-insulator-metal (MIM), structures. 
Since we are only interested in the lowest-order bound modes, we start with a general 
description of TM modes that are non-oscillatory in y direction and propagate along x direction. 
The magnetic field in the three regions will then be of the form 
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the other components of the field being zero. The y components of the wave vectors are 
supposed to be purely imaginary and positive in order to give rise to evanescent waves in y 
direction. Imposing continuity boundary conditions for Hz and Ex at the interfaces y = ± a and 
fulfillment of the Helmholtz equation in the three distinct regions, which implies 
2 2
, 0 ,y j j x jk k k   for j = I, II, III, yields the following implicit dispersion relation 
 ,
4 , , , ,
, , , ,
y Iik a y I I y II II y I I y III III
y I I y II II y I I y III III
k k k k
e
k k k k
   
   
 

 
 (1.9) 
Since ky,j is purely imaginary the exponential which appears is real. We notice that for 
infinite thickness (a → ∞) this reduces to (1.7), the equation of two uncoupled SPP at the 
respective interfaces.  
We first consider the special symmetric case where the sub- and superstrates (II) and (III) are 
equal in terms of their dielectric constants, εII = εIII. In this case the dispersion relation (1.9) 
splits up into a pair of equations, namely 
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The dispersions obtained by numerically solving (1.10) for some values of the layer half-
thickness a are reported in Fig. 1.2-3(a,b). A Drude model with negligible losses was assumed 
for silver.  
Due to the symmetry of the system, all supported modes are either symmetric or 
antisymmetric with respect to the plane y = 0. For the IMI structure, the mode whose dispersion 
lies very close to the light line (up to 0.5 ωP) is symmetric in Ey and is sometimes termed Long 
Range SPP (LR-SPP), due to its high propagation length, much higher than for the SPP at a flat 
metal-silver interface. This occurs thanks to the small relative fraction of energy which is 
located in the metal. The propagation lengths are reported in Fig. 1.2-3(c) for a single 
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wavelength (λ = 633nm) as a function of the layer thickness, while in Fig. 1.2-4 we report some 
Ey modes profiles. Looking at the mode profile (Fig. 1.2-4(a)), we see that as the silver 
thickness goes to zero the LR-SPP mode penetration depth in the dielectric increases. The mode 
turns into a into a simple plane wave in vacuum. Because of this weak transverse confinement, 
it is of little interest in nanophotonic applications. Instead, it has been intensively studied for 
applications to SPR sensing of large organic molecules, since the high penetration depth and 
propagation length allow to probe large volumes of dielectric cladding.  
 
 
 
(c) 
Fig. 1.2-3. Dispersion curves in IMI (a) and MIM (b) SPP waveguides for different layer thicknesses, a lossless 
Drude model is assumed for the metal (silver); (c) propagation lengths of the different modes as a function of a (half 
layer thickness), dielectric constants for silver from [23], λ = 633nm. 
 
The other mode is antisymmetric in the Ey field component. It is characterized by a strong 
localization close to the metal layer, which increases with decreasing metal layer thickness (Fig. 
1.2-4(b)). This determines a much shorter propagation length than the SPP at flat metal-
dielectric interface (Fig. 1.2-3(c)), reason why it is sometimes termed as Short Range SPP (SR-
SPP). The strong mode confinement is the reason why this mode has been widely studied for 
applications to nanofocusing, as will be discussed in Chapter 3.  
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The MIM structure presents two modes too. One of them, the antisymmetric one, has a 
cutoff for a dielectric thickness equal to / 2 d  . Actually the interesting mode for plasmonic 
applications is the symmetric one, which, by contrast, has no cutoff. Its propagation constant 
keeps increasing with decreasing layer thickness, although the propagation length decreases 
(Fig. 1.2-3(b,c)). Maybe the most known plasmonic structure where this mode is of basic 
importance is the 1D lamellar grating, constituted by a periodic array of rectangular metal strips. 
Thanks to periodicity, light impinging on these structures effectively couples to the symmetric 
MIM mode between adjacent strips, resulting in the phenomenon of Extraordinary Optical 
Transmission. This will be described in Chapter 2.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 1.2-4. FEM calculated Ey profiles of the modes supported by IMI (a,b) and MIM (c,d) structures for different 
layer half thicknesses a. A Drude model is used for silver, ω = 0.5ωP for (a-c), for ω = 0.8ωP for (d). 
 
If the dielectric environment in the IMI structure is asymmetric, the structure is still 
characterized by the presence of two SPP modes, which are no more strictly symmetric or 
antisymmetric. Instead the mode electromagnetic energy tends to concentrate in the high 
refractive index medium (n2) for the SR-SPP and in the low-index medium (n1) for the LR-SPP. 
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With increasing refractive index asymmetry, the LR-SPP and SR-SPP dispersions tends 
respectively to the metal-n1 and metal-n2 SPP dispersions respectively. This is shown in Fig. 
1.2-5(a,b), where we report the mode magnetic field norm profiles (|H|) for a silver film at λ = 
633nm and the modes dispersions for different values of n1 and n2.  
One basic difference, however, is that, for a sufficient asymmetry (higher than ~1%), the LR-
SPP mode becomes leaky. With this term it is referred the phenomenon of coupling of SPP to 
propagating waves in the dielectric half space, which is possible if the SPP effective index is 
lower than the refractive index of one of the adjacent media. In this case SPP loses energy in the 
form of radiation, which strongly reduces the propagation length. This is reported in Fig. 1.2-
5(d). As is seen, the LR-SPP loses his characteristic of long range. Instead the SR-SPP 
propagation length is only slightly modified. 
 
 
 
(c) 
 
(d) 
Fig. 1.2-5. LR (a) and SR (b) SPP modes in case of asymmetric dielectric environment (refractive indices of the 
adjacent dielectric media respectively n1 = 1, and n2 variable). A Drude model is assumed for silver, vacuum 
wavelength λ = 633, film thickness is 40nm; (c) real part of the IMI modes dispersion; (d) propagation length as a 
function of n2 (silver permittivity from [23]).  
 
1.2.4 Excitation of Surface Plasmon Polaritons by Light 
Prism-based coupling configurations 
As mentioned before, the SPP dispersion of a single metal-dielectric interface lies outside the 
light cone. Light cannot couple directly to the SPP. Several techniques are used to overcome 
this difficulty. The most known are the excitation upon charged particle impact, like electrons, 
near field excitation, the use of attenuated total internal reflection (ATR) and the use of rough 
metal-dielectric interfaces [2]. We will briefly describe the latter two, since they will be 
exploited in next chapters.  
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Typical ATR setups are shown in 1.2-6(a) and (b) [1]. Configuration (a) is called 
Kretschmann-Raether setup. Essentially, it makes use of a high-refractive index (n1) prism 
combined with a thin metal film and a lower refractive index (n2) dielectric. The working 
principle is clear by looking at Fig. 1.2-6(b), in which we report the light lines in prism and 
dielectric and the dispersions of silver-dielectric and silver-air SPPs.  
As was mentioned before, these dispersions are similar to the real dispersions of the leaky 
modes supported by the asymmetric IMI structure. Thanks to the higher prism refractive index, 
the light line in the prism lies on the right of the dielectric-metal SPP dispersion and momentum 
matching is therefore possible for some impinging angles θ, according to the relation 
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Fig. 1.2-6: ATR coupling schemes, Kretschmann-Raether (a) and Otto (b); (c) SPP dispersion relations at metal-air 
and metal-prism interafaces compared with light lines in air and prism. 
 
An analogous mechanism is exploited in configuration of Fig. 1.2-6(b), also termed Otto 
configuration. In this case the prims is kept at a subwavelength distance from a metal slab, in 
order to allow near-field coupling. In conditions of total internal reflection illumination, an 
evanescent wave is present on the prism-air interface. This wave has enough momentum to 
efficiently couple to metal-air SPPs.  
It worth to be noticed that these techniques work thanks to the prism, i.e. in presence of a 
high refractive index optical element having two non-parallel faces. If the faces are parallel, in 
fact, no momentum increase is possible since conservation of momentum implies that k0sin(θ) =  
n1k0sin(θr) for any impinging angle θ, being θr the refraction angle.  
The possibility to couple to SPP modes comes from the radiative nature of the LR-SPP mode 
of a thin metal film in asymmetric dielectric environment. In fact, the presence of radiative 
losses has a two-fold consequence. On one hand it decreases the mode propagation length. On 
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the other it allows coupling of impinging radiation to the mode itself. As was pointed out in [1], 
when radiative (γr) and dissipative (γd) losses are equal, an optimal coupling of impinging light 
is obtained. This can be understood looking at the radiative mode field profile (reported in Fig. 
1.2-6(a), inset). If the amount of radiative loss equals the dissipated power in metal, then, by 
reciprocity, light impinging at the same angle will be totally absorbed by the metal layer.  
We directly verify this fact with a FEM modal analysis (details of the method are given in 
section 1.3), by comparing γr  and γd as a function of the silver film thickness, in case of a thin 
silver film sandwiched between air and glass with refractive index n = 2 (Fig. 1.2-7). As can be 
expected, γd increases with increasing film thickness, reaching a saturation value when the 
thickness largely exceeds the SPP decay length in silver. By contrast, γr is maximum for 0 layer 
thickness, and turns to zero for large thicknesses, since the SPP at a flat silver-air interface is 
perfectly bound. The crossing point, at which γr = γd, is found for a thickness equal to 47nm. 
FEM scattering simulations of the system reveal that actually this is the thickness minimizing 
reflectance at resonance, and thus maximizing coupling (Fig. 1.2-7b). 
 
 
(a) 
 
(b) 
Fig. 1.2-7. (a) radiative and dissipative losses for the LR-SPP mode in case of a silver film (dielectric constant from 
[23]) cladded between air and glass (n = 2). Vacuum wavelength is λ = 550nm. (b) reflectance as a function of 
impinging angle for different silver thicknesses. 
 
Grating-based coupling configurations 
Another technique to optically excite SPPs is based on diffraction of the incident light by a 
metallic grating [1, 2, 24], Fig. 1.2-8. Diffracted light can couple to surface electron excitations 
if the momentum of the diffracted light parallel to the surface equals the propagation constant of 
the SPP: 
 k G kSPPn   (1.12) 
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being k|| the component of the impinging light wave vector parallel to the surface, G the 
reciprocal lattice vector (equal to 2π/d, d being the period for 1-dimensional gratings) and kSPP 
the dispersion of the SPP Bloch mode propagating on the grating. The process can be visualized 
in Fig. 1.2-8. The yellow region is the light cone. In absence of periodic modulation, only the 
single-interface SPP dispersions are present (thick solid lines). In presence of a (shallow) 
modulation, instead, multiples of the grating crystal vector G sum up to the impinging light 
parallel momentum, allowing to match the required SPP momentum. In an equivalent view, the 
SPP dispersions are shifted by multiples of G. Some portions of these dispersion “replicas” then 
fall within the light cone allowing thus coupling of radiation to Bloch modes of the plasmonic 
crystal.  
 
(a) 
 
(b) 
Fig. 1.2-8. (a) Scheme of the grating coupler working principle; (b) Ey field at a resonant configuration. 
 
In Fig. 1.2-8(a) we simply shifted the flat SPP dispersion (1.7). Actually this is a good 
approximation only in presence of shallow gratings. The presence of a relevant surface 
modulation changes the SPP dispersion. The quantitative description of this phenomenon is the 
subject of next section.   
 
 
1.3 Plasmonic Crystal Slabs 
 
1.3.1 Introduction 
Periodically nanostructured metal-dielectric interfaces have been subject of many researches 
due to their unexpected optical properties, such as Extraordinary Optical Transmission [5] and 
negative refraction [26]. Surface Plasmons propagation across such structures exhibits 
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analogous properties of light propagation in dielectric photonic crystals [27]. A complicated 
system of band gaps has indeed been calculated and measured using different metallic gratings 
[27]. Shallow surface features can be assigned an effective refractive index describing their 
interaction with SPPs, thus enabling a complete analogy with 2D photonic crystals. The 
description of plasmonic Bloch waves propagating in a plasmonic crystal slab, however, is a 
much more challenging task with respect to the description of photonic Bloch waves in fully 
periodic dielectric systems.  
First of all, in photonic crystals analyses, typically transparent non dispersive materials are 
considered [28]. In these cases the Helmholtz eigenvalue equation reduces to a generalized 
linear eigenvalue equation, which is readily numerically treated with standard linear solvers. 
The band structure of the photonic crystal, ω(k), is then obtained as a function of the crystal 
momentum k. However, when material dispersion plays a crucial role, as in the case of 
plasmonic crystals, the resulting eigenvalue equation is nonlinear [4]. Besides time consuming 
methods involving non-linear iterative solvers [29], other methods have been proposed to solve 
such kind of problems, which are based on the solution of Helmholtz’s equation considering as 
eigenvalue the wave vector instead of the frequency (obtaining therefore the bands as k(ω)) [30, 
31, 32, 33]. Generally these methods end up with a much more tractable quadratic eigenvalue 
equation in k, which can be solved by proper linearization procedures [32]. Moreover the 
imaginary part of k as well as the real one is naturally retrieved. In a recent work Fietz et al. 
[33] showed a modal analysis method based on reformulation of the eigenvalue equation in 
weak form, which enables to obtain a quadratic eigenvalue equation in k. The weak formulation 
finds a natural solution in the frame of the Finite Elements Method, which inherently handles 
weak forms of partial differential equations. This modal method, originally developed by Hiett 
et al. [31], demonstrated to be very powerful since it allows dealing with completely general 
materials, dispersive, lossy and possibly anisotropic.  
The analysis of Photonic Crystal Slabs (PCS), however, requires proper handling not only of 
truly bound modes but also of leaky modes. This term addresses eigenmodes whose crystal 
momentum lies inside the light cone. In these cases the modes can couple to waves propagating 
in the semi-infinite half spaces surrounding the slab, resulting in radiative losses [28, 4]. 
Simulation of open space boundaries is a tricky task both for methods based on discretization of 
real space (like Finite Elements and Finite Differences) as well as for methods which discretize 
the wave vectors space (like Plane Wave Expansion method). A common approach introduces a 
fictitious periodicity in the direction normal to the slab (Super-cell approach [4]). The period is 
chosen sufficiently large in order to decouple the bound modes of the slabs. However, the 
artificial periodicity produces many spurious modes and moreover it perturbs the physical leaky 
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eigenmodes profile. Plane Wave Expansion Method has been extended by Shi et al. [30] 
including Perfectly Matched Layers (PMLs) which correctly absorb leakage radiation. These 
layers are characterized by slowly space varying relative permittivity and permeability, properly 
designed in order to minimize reflection of plane waves impinging on them at arbitrary 
incidence. The method can deal with photonic crystal slabs with arbitrarily dispersive materials 
but only in case of absence of losses, excluding therefore the important class of plasmonic 
crystal slabs. Other methods based on FDTD can handle the lossy dispersive problem but are 
computationally very expensive [30]. To our knowledge, a complete and efficient numerical 
treatment of metallic planar crystals still lacks.  
In this chapter we calculate the Bloch band structure of dispersive lossy photonic crystal 
slabs adopting the weak formulation of the Helmholtz’s equation and discretizing the system by 
means of Finite Elements Method. In addition to the analysis presented in [33], we include 
PMLs within the unit cell domain in order to properly deal with leaky modes radiation. We 
show how the technique is effective in analyzing plasmonic crystal slabs considering first a test 
example, a simple mono-periodic sinusoidal metal-dielectric interface. This structure turns out 
to be a useful test and allows to properly set PMLs parameters. Then we apply the method to an 
example of particular physical interest for its properties of Extraordinary Optical Transmission 
(EOT), i.e. a bi-periodic array of square holes in a metal film. Although it has been widely 
investigated in recent years [5], few works considered the relationship between the optical 
Bloch eigenmodes of this structure and its EOT properties [34]. This is mainly because 
retrieving the complete complex band structure in presence of strong leakage radiation still 
remains a challenging task, and it is the typical case of plasmonic crystals with lattice constant 
comparable with the impinging light wavelength and with deep modulation of the metal-
dielectric interface. The modal analysis method we propose comes in useful in clarifying the 
relationship between optical response of the structure and periodicity-induced resonant modes. 
The work is organized as follows. In section 1.3.2 and 1.3.3 we will recall the weak form 
FEM formulation of the eigenvalue problem, pointing out also how PMLs can be implemented 
in this solution scheme. In section 1.3.4 we will apply the technique to the determination of the 
complex Bloch-bands of a simple two-dimensional metallic structure, i.e. a sinusoidal metal 
dielectric interface. Finally in section 1.3.5 the method will be used to calculate bound and leaky 
modes of a three-dimensional bi-periodic plasmonic crystal slab. In particular it will be pointed 
out how the method succeeds in reproducing the leaky modes field patterns. In both sections, 
1.3.4 and 1.3.5, the modal results are compared to scattering FEM simulations, which, in turn, 
serve as test tool for the accuracy and reliability of the method. 
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1.3.2 The FEM-based modal method 
The aim of the present section is to briefly revisit the FEM weak formulation [32, 33] of the 
following Helmholtz’s eigenvalue equation 
   2ˆ ˆ 0,p q   V V  (1.13) 
where ˆˆ ˆ ˆ, 1/ ( , ), ( , )p q     V E  r  r  for the electric field formulation and 
ˆˆ ˆ ˆ, 1/ ( , ), ( , )p q     V H  r  r  for the magnetic field formulation. Here ˆ ˆ( , )   r  and
ˆ ˆ( , )   r are respectively the frequency-dependent permittivity and permeability tensors of the 
plasmonic crystal. They are supposed to be periodic in x, y and z direction. The problem reduces 
to find Bloch-waves solutions of the form [28] 
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where k is the Bloch-vector. The Finite Elements method relies on the so-called weak 
formulation of Eq. (1.13), which consists in annulling the following residues 
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where v is a weight function and the integration is over the unitary cell volume [35]. After 
inserting expression (1.14) in Eq. (1.15) and some straightforward algebra, Eq. (1.15) yields to 
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In order to turn Eq. (1.16) into an eigenvalue problem, the three degrees of freedom that 
comprise the Bloch wave-vector k must be reduced to one; i.e by fixing a particular k-vector 
direction, ˆ . In this case Eq. (1.16) turns out to be a quadratic eigenvalue equation in the k-
vector projection along the chosen direction, i.e. ˆ  k . Following the usual FEM 
discretization procedure [35], Eq. (1.16) is then turned into a matrix equation and opportunely 
linearized. 
The presented weak formulation of the eigenvalue problem is inherently handled by several 
Finite Elements software packages. All the models and examples have been solved with 
COMSOL Multiphysics, which allows the user to specify a custom field equation to be solved. 
In particular the software automatically turns the input Eq. (1.16) into an algebraic linear 
equation system. For more details about FEM can be found in [35].  
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1.3.3 The Perfectly Matched Layer (PML) implementation 
A photonic crystal slab (PCS) is a photonic structure with two-dimensional periodicity and 
finite thickness along the third spatial dimension [28], as depicted in Fig. 1.3-1 (green 
structure). As mentioned before, the modal analysis of a PCS requires proper truncation of the 
computational domain in the direction normal to the slab. Such a truncation may be performed 
by introducing the so-called Perfectly Matched Layers at the upper and lower boundaries of the 
unit cell (the violet domains in Fig. 1.3-1). Their function is to absorb radiation coming from the 
slab, at any frequency and angle of incidence.  
 
Fig. 1.3-1. Scheme of photonic crystal slab (green) with PMLs (violet) truncating the cladding domains. 
 
As proposed by Sacks et al. [36], PMLs can be treated as uniaxial anisotropic absorbers 
whose permittivity and permeability tensors are specified according to the following relations:  
 ˆ ˆˆ ˆ, ,      =  (1.17) 
where, in case of absorption in the z-direction, 
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being c = α - iβ, with εα equal to the real part of the adjacent medium relative permittivity and β 
> 0. This condition, without any further restriction on β, can assure perfect absorption of any 
plane wave incident upon the boundary of an infinitely thick PML, independently of frequency 
or incidence angle [36]. As was noticed [37], however, the discrete approximation of fields and 
material parameters results in a spurious impedance loading at the interface between PMLs and 
physical domains, and significant reflections are found in presence of constant β. In other 
words, after discretization, PMLs are still absorbing materials and waves that propagate across 
them are still attenuated, but the boundary between PML and regular medium is no longer 
reflectionless. This mismatch problem in the discretized space can be tempered by using 
spatially varying material parameters [37]: 
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The plus (minus) sign refers to PMLs located in the lower (upper) half space. In Eq. (1.19) 
/   , and  , L and n are constant parameters. L is the PML thickness while  is the wave 
attenuation rate within the PML. Condition (1.19) assures a smooth increasing of the damping 
rate of waves incoming into the absorbers and significantly improves PML absorption. Optimal 
PML performance, however, requires a careful optimization of parameters σ, L and n. The 
problem will be addressed in next section. We notice that, in general, the β parameter depends 
on ω and therefore the PML is a dispersive material. This does not represent a problem since in 
the present modal method frequency is fixed.   
We notice that PMLs are not the only option in order to properly truncate open boundaries. 
Absorbing Boundary Conditions (ABC) [35] can also be used to absorb plane wave leaky 
radiation. A detailed comparison between effectiveness of PMLs and ABCs in the present 
method is out of the scope of the present work. However, we notice that if the leakage radiation 
is not in the form of a single plane wave, ABCs are expected to be not suitable.  
 
1.3.4 1-D periodic sinusoidal grating and PML test 
We first start with a two-dimensional example (Fig. 1.3-2(a)) which serves as a guideline to set 
the PMLs parameters, optimizing them in order to minimize reflections. The unit cell consists of 
a sinusoidal metal-dielectric interface in the x-z plane, infinitely extended in y-direction (out of 
plane). In the z-direction the unitary cell is limited above by a PML layer and below by the bulk 
metal. The period (d) in the x-direction is set to 600nm while the peak-valley amplitude of the 
sinusoid (a) is increased from 0 to 150nm. We adopt silver as metal, its permittivity being taken 
from Palik [23]. Periodic boundary conditions are set in both x and z directions. In z direction 
this condition is not mandatory because of the presence of the PML. This choice is made in 
order to reduce to zero the last term in Eq. (1.16). Since the PMLs are expected to absorb all 
radiation impinging on them, the particular boundary condition set at the end of the PML layer 
actually does not influence the resulting field distribution.   
In the case of mono-periodic gratings, as in the considered example, one is typically 
interested in studying surface plasmon modes whose k-vector is parallel to the grating vector, 
ˆ(2 / ) .d xG  In this case the weak form of Helmholtz’s equation, Eq. (1.16), reduces to the 
following simplified form  
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where λ = kx, εii and μii are the diagonal components of the relative permittivity and permeability 
tensors of the medium involved (both physical domains and PMLs). 
The need of terminating the computational domain with proper boundary condition, in any 
case, results in the generation of undesired spurious modes, even in presence of PMLs. Most of 
these nonphysical modes look like guided modes within the PML domains or between slab and 
absorbing boundary. 
 
Fig. 1.3-2. (a) Scheme of unit cell for the sinusoidal plasmonic grating; (b) Variation of a sample eigenvalue (λL=d 
=0.0905356 at ω = 1.7∙1015Hz) as a function of PML thickness L and σ, ∆λ is defined as  ∆λm = λL=(m+1)d - λL=md  
(m>0), scale is in decibels. 
 
A common way to discriminate physical leaky or bound modes from PML modes is to 
employ an average field intensity based filter [30]. The physical modes, even leaky modes, are 
expected to be those ones mostly confined in proximity of the plasmonic slab and rapidly 
decaying within the PML domain. We calculated the following quantity for all eigenmodes 
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(1)
2
(2)
 
H
H
 (1.21) 
where <|H|
2
>(1), <|H|
2
>(2) are the averages of the squared H field norm in a region far from the 
grating in which all evanescent fields are vanished and within a thin air layer (tens of nm) close 
to the metal surface respectively, i.e. regions marked with (1) and (2) in Fig. 1.3-2(a) 
respectively. We found out that κ values ranging from 0 to 20% are typically obtained in case of 
physical bound or leaky eigenmodes, whereas higher values are found for nonphysical PML–
related modes. We used therefore the quantity κ to filter out non-physical modes.   
Before extracting the dispersion curves we performed a PML test in order to appropriately 
set the constants σ, L and n in the PML model, Eq. (1.19). In Fig. 1.3-2(b) we consider a sample 
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eigenvalue λ and report its variation as a function of PML thickness L, i.e. ∆λm = λL=(m+1)d - λL=md  
(m>0), for several σ values, keeping fixed n, ω and mesh element density. As can be seen, PML 
performances improve with increasing PML thickness and decreasing σ (∆λ converges to a 
small constant value related to the numerical precision). This can be explained as follows. The 
variation in  is related to non-zero reflections at the interface between PML and air. As 
previously mentioned, PML is perfectly reflectionless only when solving the exact wave 
equation. Reflections keep low as long as the discretization is a good approximation of the 
exponentially decaying wave within the PML, provided the PML is thick enough to completely 
absorb the incoming wave. In order to increase the accuracy of the approximation, two methods 
are possible [38]: (a) for a fixed PML thickness, increasing mesh element density in the PML 
or, (b), at a fixed mesh element density, decreasing σ parameter, in order to turn on wave 
absorption more gradually , and increasing PML thickness. Clearly option (b) works since, as 
long as the PML material is slowly varying, the wave decay is more diluted in space and is 
better resolved by the given mesh density. Of course both options (a) and (b) require increasing 
the number of elements within the PML domain. An acceptable compromise between accuracy 
and computational cost was found taking the PML thickness L equal to 4d and the σ value close 
to ω, keeping the mesh density the same as in the air domain.  
With regard to the n parameter, it was shown for example in [37], that a simple quadratic or 
cubic turn-on of the PML absorption usually produces negligible reflections for a PML only few 
wavelengths thick. 
Once set the tensor parameters in Eq. (1.19) we performed the modal analysis of the 
structure in Fig. 1.3-2(a). In Fig.1.3-3(a) we report a reflectance map obtained by a scattering 
FEM simulation of a grating with amplitude 75nm. This kind of maps is commonly used in 
literature to deduce the real part of SPP modes dispersions by looking at the reflectance dips [1]. 
Black lines are the real part of the SPP modes calculated with the modal analysis. As can be 
seen, the modal analysis correctly predicts the dips observed in the reflectance maps, which 
correspond to coupling of impinging light to SPP modes.  
For a better understanding of the numerical improvement due to the PML insertion into the 
unitary cell, we report in Fig. 1.3-3(b) a comparison between the modal curves calculated with 
and without the PML addiction. In both cases, a fictitious periodicity of 5μm in z-direction is 
set. In absence of PML, the modal curves present a discontinuous behavior. The fictitious 
periodicity in z-direction unavoidably restricts the allowed spectrum of possible frequencies for 
a given momentum Re(kx) to a discrete set. This discretization occurs even in presence of PMLs, 
but is much more refined, tending to a continuum of states in the limit of infinite PML mesh 
resolution (which mimics the perfect open boundary condition).  
36 
 
 
 
Fig. 1.3-3. (a) Reflectance map compared with the calculated dispersion curves (black lines),  green dashed line is the 
light line; (b) Comparison between bands obtained with (black) and without (red) PML domains (in both cases the 
tolerance parameter κ was set to 0.1, and periodicity in z direction is 5μm). 
 
 
Fig. 1.3-4. Real part (a) and imaginary part (b) of the modes varying the sinusoidal grating amplitude a: a = 0 (flat 
case, black), 30nm (cyan), 50nm (magenta), 75nm (green), 100nm (red), 150nm (blue). The dashed black curve in (a) 
is the light line. Insets in (b) are the magnetic field distributions at ω = 2.5x1015Hz for grating amplitudes of 0, 30 and 
100nm. 
 
In Fig. 1.3-4(a), (b) we report respectively the real and imaginary parts of the mode 
dispersions for increasing grating amplitudes. When a shallow periodic perturbation is 
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introduced the mode dispersion remains close to the flat case. The only remarkable difference is 
observed at the crossing point of the flat SPP dispersions at the edge of first Brillouin zone 
(kx=π/d), where an energy gap appears with increasing grating amplitude [24, 39, 40]. As can be 
seen the modal analysis correctly reproduces the effect. Actually it can be noted that the method 
converges to a solution also at frequencies within the band gap and we should more correctly 
term this frequency range as a gaplike region [41]. 
In particular the band, at frequencies close to the lower gap edge, rises steeply through a 
continuum of states toward the upper gap edge. The gap edges are actually not well defined, 
especially for higher amplitude gratings. This behavior was already noticed in similar modal 
analyses performed with real frequency and complex Bloch-wave-vector [42, 43]. The 
frequency gap however is more evident looking at the imaginary part of the mode dispersions 
(Fig. 1.3-4(b)). At frequencies corresponding to the gap the imaginary part assumes great 
values, reaching a maximum at the center of the gap. The phenomenon becomes more evident 
with increasing grating depth, as expected. Within the gap the modes have a great dissipation 
which prevents them to propagate in the direction orthogonal to the grooves. 
For frequencies above the upper gap edge (ω > 1.7∙1015Hz) the imaginary part of the Bloch-
wave-vector has values much greater than its corresponding values at frequencies below the 
gap. This is because the folded plasmonic band enters the light cone and the radiative coupling 
to propagating waves in the upper air half space becomes possible. This is visualized in Fig. 1.3-
4(b), inset, where we show the eigenmode magnetic field at a frequency of ω = 2.5x1015 Hz for 
grating amplitudes of 0, 30 and 100 nm. In the flat case, the mode is a truly bound eigenmode of 
the metal-dielectric interface and is perfectly confined. For small grating depths, mode still 
remains well confined as in the flat case and the main damping is due to losses in metal. With 
larger grating amplitudes, a stronger leakage radiation is observed.  
In order to have an independent check of the reliability of imaginary part of mode 
eigenvalues, we considered the following FEM model (see Fig. 1.3-5(a)). An SPP is launched 
on a flat metal-air interface at the left boundary of the model. The metal interface then continues 
with a sinusoidal profile. The SPP wave, reaching the sinusoidal grooves, is partially reflected 
and partially couples to the grating Bloch-mode. Once the SPP Bloch mode is correctly excited, 
it propagates along the grating with its own complex propagation constant. In particular, from 
the field profile in Fig. 1.3-5(a) we can extract the attenuation constant, α, by means of 
exponential fit, obtaining therefore the imaginary part of the propagation constant as Im(λ) = 
1/(2α). 
We performed the calculation for different frequencies at fixed period d = 600nm and 
amplitude a = 50nm. Results are reported in Fig. 1.3-5(b). We see that there is a good agreement 
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Fig. 1.3-5. (a) z-component of the magnetic field obtained by exciting the proper mode by mean of excitation 
boundary conditions. Frequency is ω = 3.5∙1015Hz, d = 600nm and a = 50nm. (b) Comparison between the imaginary 
part of the modes calculated with illumination (blue curve) and by modal analysis (magenta curve) respectively at 
fixed amplitude a = 50nm. 
 
between the direct modal calculation and the indirect method based on SPP excitation for a 
wide spectral range of our interest (up to ω ≈ 4∙1015Hz). For frequencies above ω ≈ 4∙1015Hz a 
growing mismatch is observed since the considered PML setup is not optimal any more for too 
short wavelengths. The deviation may be reduced by tuning again the PML parameters. 
  
1.3.5 Bloch modes of 2-D periodic arrays of square nanoholes 
In this section we apply the modal analysis to the plasmonic crystal slab depicted in Fig. 1.3-1, 
consisting of an array of squared nano-holes with sizes ax = ay = a milled in a thin silver slab. 
Period and silver thickness are fixed to d = 940nm and h = 200nm respectively. Two PMLs are 
introduced in the unit cell in order to absorb the leakage radiation propagating toward open 
space. They are set at distance z0 = ±1470nm from the slab and their parameters are set 
according to previous section.  
Holey thin metal films exhibit very interesting plasmonic properties of extraordinary optical 
transmission which have been extensively studied in a vast literature, see for example [5, 44]. 
However, what is usually omitted in literature is the detailed visualization of both the real and 
imaginary dispersions of the SPP Bloch modes of the considered structures. This is due the 
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strong leakage radiation damping that affects the modes for large holes sizes, which is hardly 
handled by standard numerical techniques.  
 
 
Fig. 1.3-6. Maps of TM and TE transmittance through arrays of square nano-holes (period d = 940nm) in a 200nm 
thick Silver film in air compared with the calculated Bloch-modes dispersion curves (black lines, labeled as (|m|,|n|)±); 
(a) and (b) refer to holes with size a = 250 nm, (c) and (d) to a = 500nm; (e) and (f) are zooms of the regions marked 
with 1 and 2 respectively in (a). Black dashed line marks the light line, white and red solid lines mark the flat SPP 
dispersions, (±1,0) and (0,±1) respectively. Fig. 1.3-6(f) contains also a comparison between the x-component of the 
magnetic field profile in the z-y plane obtained with modal analysis and illumination respectively.  
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In order to verify the effectiveness of the method in presence of both low and high radiative 
losses, we carried out two simulations, the first for a small hole size, a = 250nm, the second for 
a wider hole, a = 500nm. We focus on modes along x-direction, ˆxkk = . Fig. 1.3-6 reports the 
transmittance maps obtained by FEM scattering simulations for both hole sizes and for TM and 
TE polarized impinging plane waves. The superimposed black lines are the real parts of the SPP 
Bloch modes of the structure calculated with the modal analysis. As can be seen, Bloch-modes 
dispersions directly correlate to transmittance features of the structure. This strict connection  
has been noticed in several works [5, 44]. The calculated bands approximately follow the 
dispersions given by the well-known grating coupling relation  
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where neff is the real part of effective index of the SPP mode propagating on a flat silver-air 
interface [1] and m, n are integers. We consider dispersions along the x-direction by setting 
Re(ky)=0. The white and red lines in Fig. 1.3-6(a,c,e) denote the (m,n) = ( 1,0)  and the (0, 1) 
flat SPP dispersion curves respectively, according to Eq. (1.22). Fig. 1.3-6(e), (f) report details 
of Fig. 1.3-6(a). As is seen the dispersions found with the modal analysis more precisely 
account for the transmittance features observed.  
The modes in general split into two categories: antisymmetric (lower frequency, labeled as 
(|m|,|n|)
-
) and symmetric modes (higher frequency, labeled as (|m|,|n|)
+
), depending on the 
distribution of the dominant magnetic field component with respect to the z=0. This is a 
consequence of the mirror symmetry of the system with respect to the z = 0 plane [28]. The 
comparison between modal analysis and direct illumination gives important information about 
the modes which can be excited with the two types of illumination. We see that the (1,0)
±
 modes 
can be excited only in presence of TM illumination and both correspond to transmittance peaks 
(see Fig. 1.3-6(e)). On the other hand, different (0,1)
±
 modes can be excited both in TM and TE 
illumination. In particular, in Fig. 1.3-6(f), only one transmittance peak is clearly visible 
corresponding to the antisymmetric TM (0,1)
-
 mode (see the comparison between Hx in the y-z 
plane obtained with modal analysis and illumination at frequency of 2.022∙1015Hz).  
In case of large holes, we note that the (1,0)
-
 mode strongly deviates from the flat SPP 
dispersion curves, whereas the (1,0)
+ 
is almost unperturbed. It is also evident how the (1,0)
- 
one 
is correlated to a much higher transmittance peak than the (1,0)
+
 (Fig. 1.3-6(c)).  
In Fig. 1.3-7(a) and (b) we report respectively the fields Hy and |Ex| in the x-z plane, for the 
two TM modes observed at frequency ω = 1.6∙1015Hz with a = 250nm (I-II) and a=500nm (III-
IV). As can be expected, for small hole sizes, the modes are well confined close to the metal 
slab. The mode confinement decreases in case of a = 500nm and a stronger leakage radiation is 
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observed in the cladding regions. The presence of the PMLs, however, makes it possible to 
properly absorb this radiation and allows reconstructing the correct mode field profiles. This is 
clearly seen in Fig. 1.3-7(b). In fact, the almost uniform |Ex| in the region far from the slab 
indicates that no waves reflected from the PMLs are present. Comparing Fig. 1.3-7(b) I and III 
with 1.3-7(b) II and IV, we observe that the electric field intensity is mainly concentrated within 
the hole in the anti-symmetric modes, while the field has a node at the plane z = 0 in the 
symmetric case. 
 
 
Fig. 1.3-7. (a) Hy and (b) |Ex| fields of the TM modes found at frequency of 1.6∙10
15Hz for a=250nm (I,II) and 
a=500nm (III,IV). The calculated eigenvalues in the four cases are respectively kx/(π/d) = 0.3828+0.0019i, 
0.3878+0.0011i, 0.2792+0.1251i, 0.3829+0.0025i. Modes are classified as antisymmetric (I,III) and symmetric 
(II,IV) according to the symmetry of Hy field with respect to the z = 0 plane. PML size is fixed at 2d for convenience. 
 
As just pointed out in [5, 34, 45], peaks in optical transmission through a holey metal film 
can be described in terms of symmetric and antisymmetric coupling of plasmonic modes 
between the two horizontal metal-dielectric interfaces of the slab. In case of symmetric 
coupling, SPPs at the two horizontal metal-dielectric interfaces are weakly coupled via 
evanescent fields inside the hole. The mechanism depends mainly on the periodicity of the 
structure and is the main EOT channel for arrays of small holes. In the antisymmetric coupling, 
instead, single-interface SPPs are strongly coupled via a Fabry-Pérot resonance inside the hole. 
This resonance depends more on single hole characteristics (size and depth) rather than on the 
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periodicity of the structure, and turns out to be the dominant EOT mechanism for arrays of large 
holes [45].  
This simplified picture for EOT is confirmed by our modal analysis, provided we replace the 
horizontal-SPP-coupling description with a Bloch-modes description. As a matter of fact, we 
find a good matching between SPP Bloch-modes of the structure and EOT peaks for the 250nm-
holes array (Fig. 1.3-6(a), (b)). This is in agreement with the fact that, for small holes, the nature 
of the EOT is closely related to the periodicity of the structure. In case of large holes, on the 
other hand, it can be noticed that the TM bands do not exactly follow the wide transmittance 
maxima observed. Moreover, in presence of TE illumination, no Bloch modes are correlated to 
the transmittance maximum found around ω = 1.62∙1015Hz. This suggest that the main EOT 
peaks observed are not strictly correlated to the periodicity of the structure but are mostly 
related to single-hole Fabry-Pérot resonances [34, 45] and therefore they are reasonably not 
completely caught by an in-plane modal analysis. By contrast, we note that the symmetric 
modes, both in TE and TM illumination, are only weakly perturbed by the increased holes size 
and exactly match the corresponding transmittance peaks visible in the maps. This persistent 
matching confirms that these transmittance features are strictly related to the excitation of a 
periodicity-induced Bloch modes of the structure.  
Finally we report in Fig. 1.3-8 the real and imaginary parts of the complete band structure 
within the first Brillouin zone along the Г-X crystal direction for both cases at a = 250 nm and a 
= 500nm. The colored bands refer to the TM symmetric (red) and anti-symmetric (blue) modes. 
The most striking effect of increasing the hole size is found looking at the imaginary parts of the 
modes. In particular, as can be expected, the antisymmetric mode, being related to the vertical 
Fabry-Pérot resonance of the structure, is the most sensitive to the hole size and shows a huge 
increase of imaginary part. At frequencies close to 1∙1015 Hz the small frequency gap found for 
a = 250 nm is much wider at a = 500 nm. The hole size variation corresponds to a variation of 
the metal filling fraction along the mode propagation direction and acts on the gap-size as the 
metal amplitude variation did in the sinusoidal grating example discussed in section 4. On the 
other hand, the imaginary part of the symmetric mode is almost the same for a = 250 nm and 
500 nm.  
Black dots in Fig. 1.3-8(a) mark the TE and TM (0,1)
±
 modes. Their imaginary parts present 
strong increases in correspondence of the edge of the first Brillouin zone around the frequency 
of 2.2∙1015 Hz (Fig. 1.3-8(b) inset). This behavior indicates the presence of gaps similar to the 
ones observed for the TM modes. In the insets of Fig. 1.3-8(a) we report the dominant magnetic 
field component profiles of the (|m|,|n|)
-
 modes for a = 250 nm in a x-y plane laying 10 nm 
above the slab at frequency of 2.05∙1015 Hz. We see that the TM (1,0)- mode is a transversal 
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mode with the magnetic field polarized in the y-direction, while both the TE and TM (0,1)
-
 
modes are longitudinal modes with the magnetic field mostly polarized in the x-direction of 
propagation.  
 
 
Fig. 1.3-8. Real and imaginary parts of the modes for a=250nm (a,b) and a=500nm (c,d). Blue and red dots represent 
the TM (1,0)- and TM (1,0)+ modes respectively, black dots represent the TE and TM (0,1)± modes. Insets in (a) 
report the dominant magnetic field component profile (colorscale) and the H field (arrows) respectively in a x-y plane 
laying 10 nm above the slab at frequency of 2.05x1015Hz for the (|m|,|n|)- modes. 
 
Looking at the real dispersions of the modes it can be noticed a band bending at frequencies 
around ω=2∙1015 Hz near kx=0. Correspondingly, a divergence in the imaginary parts is 
observed. Similar deviations are typical of real-frequency (and complex propagation constant) 
eigenvalue methods. They are not physical and were already reported elsewhere [33, 41, 43] 
44 
 
1.4 Conclusions 
 
In conclusion we presented a full vectorial Finite Elements based numerical method for the 
modal analysis of photonic crystal slabs in presence of dispersive lossy materials. In particular, 
the important class of plasmonic crystal slabs of arbitrarily complex geometries can be handled. 
The method relies on the reformulation of Helmholtz eigenvalue equation in weak form, 
including Perfectly Matched Layers in the unit cell in order to simulate open boundaries. 
Results were firstly obtained in the simple case of 2D sinusoidal metal-dielectric interface 
and were compared to scattering FEM simulation. Good agreement was found, provided that the 
PML parameters are properly set. Our results prove that PML implementation allows to 
effectively study leaky modes, characteristic features of photonic crystal slabs, thus enabling the 
reconstruction of the correct radiative eigenmode profile. 
The method was then applied to the more complex case of periodic arrays of holes in a silver 
metal film, enabling to investigate the role that plasmonic Bloch modes play in the 
Extraordinary Optical Transmission phenomenon presented by the structure. By comparing 
Bloch-modes dispersions to transmittance maps, indeed, it was possible to discriminate between 
optical features mainly related to periodicity from those mainly dependent upon single hole 
characteristics (with a weak array interaction). A study as a function of the hole size, moreover, 
revealed that in the case of small holes the EOT phenomenon is mainly correlated to Bloch 
modes, while for large hole arrays it is mainly influenced by single hole resonances. 
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Chapter 2 - Plasmonic light trapping for photovoltaics 
 
 
2.1 Introduction 
 
Photovoltaics (PV) is the conversion of sunlight power to electricity. It is nowadays one of the 
most promising technologies that may allow to generate renewable electrical power on a very 
large scale. According to the International Energy Agency [46] cumulative installed capacity of 
solar PV reached roughly 91GW at the end of 2012, up from only 1.5GW in 2000. Projections 
foresee a doubling of this amount before 2016. This amazing trend is made possible by a 
parallel reduction of the cost per watt of solar energy that from $10/W of 1990 dropped to $4/W 
in 2000 and is now about $1/W in 2012, following an almost logarithmic curve that resembles 
the famous Moore’s law for doubling of computer power.  
Most commercial PV cells are based on crystalline silicon wafers, which are reducing in 
thickness every year. Wafers measuring just 100µm thick are expected to be in production by 
2020 [47] although a trade-off must inevitably be made between minimizing material usage and 
achieving adequate strength for processing and packaging. Most of the price of this kind of solar 
cells is due to costs of silicon material and processing.   
An alternative technology that receives more and more interest is the so called “thin-film” 
PV, where the PV layers are deposited onto supporting substrates. Due to the extremely reduced 
amount of active material usage involved (ranging from 1-2µm of silicon and other inorganic 
semiconductors based cells down to few tens of nanometers in organic solar cells) and to the 
cheap manufacturing costs, this technology is very attractive option for reducing the total cost 
per watt of solar power. However as the thickness of the absorbing material is reduced, the 
absorption naturally decreases at energies close to the electronic bandgap of the semiconductor. 
This is particularly a problem for thin-film Si devices and results in an overall poor performance 
of Si-based. Successful thin film technologies must ultimately reach energy-conversion 
efficiencies roughly comparable to commercial silicon modules, i.e. 17-18% [47]. Proper light 
trapping strategies should be adopted in order to increase the optical thickness and allow a 
reasonable part of the incident light to be absorbed.  
In conventional crystalline Si solar cells typically a front surface micrometric texturing is 
employed combined with antireflection coating. Texturing on one hand reduces reflectance, 
since impinging light bounces at least twice on the cell surface before being reflected back to 
air, on the other it scatters light at multiple angles in the silicon layer, thereby increasing the 
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optical path length to a maximum of 4n
2
 where n is the refractive index of the absorber 
(Yablonovich limit [48]). For silicon, due to its high refractive index, this corresponds to a 50-
fold maximum optical path length enhancement. Realistic estimates of the optical path length 
enhancement, however, are of a factor 25 for best research PV modules, and is about 5 for 
commercial modules [49]. Although texturing indeed increases the overall efficiency of the 
devices, it also usually negatively impacts electronic performance. It increases not only the 
surface area of a device, which increases surface recombination of carriers, but also the total 
volume of the junction depletion region. Moreover, micrometer-sized features are not 
appropriate for thin film cells whose thickness is comparable or less to light wavelength.  
Among the different possibilities offered by nanotechnology to provide alternative light 
trapping approaches [50], metallic nanostructures are widely investigated [6, 49]. As a matter of 
fact the plasmonic resonances of such nanostructures can be exploited in at least three manners: 
to get optical path length enhancement in the device by their high scattering cross section, to 
localize incident energy and increase photogeneration in subwavelength-extended regions close 
to their surface or to serve as efficient couplers of impinging light to SPP or waveguide modes 
in the semiconductor slab. The light trapping capabilities of both random distribution of metallic 
nanoparticles [7] and periodic arrays of nanostructures [51] have been tested on several 
typologies of solar cells. In particular gratings with pitch comparable to the wavelength of light 
in the semiconductor slab can be designed to optimize diffraction effects [52] and also to couple 
radiation into SPP waves, propagating confined at a metal-semiconductor interface [53]. These 
latter phenomena are able to increase the optical thickness of the photovoltaic absorber layers 
too.  
The purpose of the first part of this chapter is to show and clarify with both numerical and 
analytical simulations how the different optical resonances of 1-D digital metallic gratings can 
be exploited to modulate the EM field absorption profile in an underlying bulk substrate. 
Different geometric configurations can change dramatically the absorption profile, 
concentrating the EM fields in close proximity of the metallic nanostructure or simply reducing 
the absorption extinction depth. Configuration maps allow to point out the different regimes 
whose mechanisms of EM field distribution have been elucidated by a comparison of numerical 
and analytical models.  SPPs and cavity modes supported by the structure turn out to play a 
crucial role. The latter feature gives rise to the phenomenon of Extraordinary Optical 
Transmission, which can be designed to efficiently couple incident light into diffracted waves 
propagating in the substrate. We calculated that this makes possible to reduce the effective 
absorption depth of photons in the substrate and to enhance the absorption of TM-polarized 
light in the near IR. 
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Experimental demonstration of such predictions will then be provided, pointing also out pros 
and cons of this approach to light trapping. For this aim, nanostructured silver gratings were 
fabricated on the flat front surface of wafer-based silicon solar cells, reflectance and quantum 
efficiency spectra were measured and analysed according to the model developed. Compared to 
bare flat devices, an enhancement in absorption is actually found for the IR part of the 
impinging TM spectrum, which corresponds to an enhancement of both light in-coupling and 
internal quantum efficiency. We show that the latter effect is due to the grating ability to re-
modulate the absorption profile and concentrate it in areas of the device with high collection 
probability. The overall performance of the cell however does not improve due to an increased 
reflectance for the TE part of the spectrum. 
The second part of this chapter investigates the benefits of implementing of a 1D digital 
grating within the structure of a realistic organic solar cell. Several works in literature already 
considered the integration of plasmonic crystals as light trapping mechanism in both inorganic 
[52, 53] and organic [54-58] photovoltaic devices. In combination with LSP [52,53,55-58]  and 
SPP [54-57] resonances, periodic arrays of metallic nanostructures can be designed to excite 
waveguide modes of the structure [52-54] and enhance the optical thickness of the device. Kang 
et al. [54] have experimentally demonstrated the effectiveness of this approach measuring a 
40% increase in short circuit current in an ultra-thin OSC embedding a silver nanowires grating. 
The aim of our work is to analyze in detail the excitation conditions of localized resonances and 
propagating modes, both SPP and conventional waveguide modes, supported by a plasmonic 
crystal integrated in an OSC and to clearly highlight their role in providing the observed 
absorption enhancement. In fact, in literature, the identification of the different plasmonic 
modes involved often is performed by only examining the EM field pattern at peak wavelengths 
[55, 56] or not explicitly showing the modal analysis procedure used [54]. Furthermore, we 
focus on a realistic heterostructure device layout in which the metallic nanowires are not in 
contact with the absorber layers in order to reduce the effect of unwanted recombination 
mechanisms for the photogenerated excitons.  
 
2.2 Absorption modulation in crystalline silicon solar cells by means of 1-D 
digital plasmonic gratings  
 
2.2.1 The FEM model layout 
We focus on the optical response of a digital Gold grating on a semi-infinite silicon substrate 
(Fig. 2.2-1 reports one single period) to a normally impinging 1000nm-monochromatic wave, 
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varying systematically both thickness (h) and period (d) of the grating. The system has been 
studied by means of the Finite Element Method, using the commercial software COMSOL 
Multiphysics. In order to minimize computational time and to improve precision, the full EM 
fields distributions have been computed with FEM only in one period of the grating, setting 
periodic boundary conditions, and within very thin layers of silicon and vacuum. The ratio 
between slit width and period (duty cycle) is kept constant to 0.1. Of course, the asymmetry of 
the structure between x and y axis, determines different optical responses for different 
polarizations of the incident light. In this section we consider only TM polarized (i.e. magnetic 
field parallel to the metal stripes) incident light since it is the only polarization that can give rise 
to SPPs in an 1D metallic grating. The dielectric constants of Gold and silicon at 1000nm were 
taken to be εm = -46.4+3.5i and ε3 = 12.9+3.6·10
-3
i respectively  [23].  
Far fields have been reconstructed with the following procedure. We performed a 1D Fourier 
transform of the FEM-computed fields along x direction at a given depth, and in the kx-space we 
filtered out the non z-propagating modes. Far fields were then obtained transforming back in the 
real space, taking into account absorption in silicon.  
For each configuration (h,d) we calculated, within different depths in silicon, transmittance 
and absorptance (that is the volume integral over the silicon layer of the quantity 
2
3
0.5 E  , 
being  the angular frequency and E the electric field). We also computed the effective 
absorption profile of light as a function of depth in silicon (Q(z)) averaging the local absorption 
over one period length of the plasmonic array.  
 
 
Fig. 2.2-1. Sketch of the FEM model. 
 
2.2.2 Optical properties of the 1-D digital grating 
In order to have an insight into the physics of our system an analytic approach is necessary 
beside the purely numerical one given by FEM. A recent rigorous modal analysis of the system 
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has been performed by Sturman et al. [59]. It considers separately the fields in the regions above 
and below the grating and within the slits (we indicate them with numbers 1, 3  and 2 
respectively, see Fig. 2.2-1). Fields in regions 1 and 3 are expanded in Bloch-Floquet modes 
while in region 2 they are expanded in the complete set of eigenmodes (propagating, evanescent 
and anomalous) of the 1D plasmonic crystal given by the alternating metal and dielectric layers. 
The full field reconstruction is then obtained through field matching at 1-2 and 2-3 interfaces, 
according to Maxwell’s equations. We followed a simplification of this approach [60], which 
nevertheless catches the main physics and has the advantage of leading to simple analytical 
expressions for the relevant physical quantities (such as transmittance). It is found neglecting, in 
region 2, all the evanescent modes and keeping only the propagating ones, neglecting losses. If 
the slit width is smaller than the vacuum wavelength of the incident radiation, only the 
fundamental propagating eigenmode is allowed. At the horizontal interfaces Surface Impedance 
Boundary Conditions are imposed [61].  
According to this simplified model, the transmittance of the structure results to be 
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where  and  are the single-interface (1-2 and 2-3) magnetic field amplitude transmission and 
reflection coefficients, i is the i-th diffraction order angle, and tot is the total phase 
accumulated by the single propagating waveguide mode travelling back and forth in the slit: 
 0arg( ) arg( ) 2 ,12 23 effk htot N      (2.2) 
being k0 the vacuum wave vector. It has been shown [62] that actually the model fails if |εm| is 
low and/or the slit width is very small with respect to the wavelength of the incident light, since 
these situations correspond to high penetration of the fields in the metal and the plasmonic 
contributions to the fields are relevant. In our case of |εm| 46, problems arise when the slit 
width is lower than 10% of the wavelength of incident light. The main deviation from the 
simple model is found in the propagation constant of the fundamental waveguide propagating 
mode inside the slits whose effective wave vector results to be higher than the vacuum wave 
vector. The effect can be taken into account assuming the presence of an effective medium 
inside the slits with proper refractive index Neff. Following the results found by Sturman et al. 
[59], we took an effective refractive index Neff = C/a+1, being a the slit width, with an optimal 
constant C of about 30nm. 
Eq. (2.1) allows to identify the main features of the optical response of the 1D plasmonic 
grating, that turn out to be the following:   
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Fig. 2.2-2: Magnetic field norm enhancements. (a) h=184nm, d=340nm: CM-resonance; (b) h=161nm, d=710nm: 
SPP-CM resonance; (c) h=175nm, d=278nm: WR-CM resonance. 
 
1) Cavity mode (CM) resonances. These resonances result from the multiple scattering of the 
single propagating mode inside the slits. The mode is partially reflected and transmitted at the 
slit ends. When the phase difference tot between the waves transmitted in the substrate is a 
multiple of 2, a peak in transmittance is observed, like in a Fabry-Perot resonator. The 
interesting fact is that, when this resonance takes place, a great fraction of the incident light is 
funneled within the slits and is transmitted in the substrate (Fig. 2.2-2(a)), resulting in what is 
called Extraordinary Optical Transmission [5]. 
2) Surface Plasmon Polariton (SPP) resonances. (Fig. 2.2-2(b)). They are excited in a 1D 
grating when the in-plane component of the incident p-polarized radiation and that one of the 
scattered waves sum up to match the SPP momentum, i.e. 
  0 0sin Re / ( ) 1,2...m mk nG k n        (2.3) 
with α incidence angle, G=2/d and ε the dielectric constant of the facing insulator (vacuum for 
1-2 interface, silicon for 2-3 interface). This kind of resonance is associated to a transmittance 
extinction and to a high field enhancement in proximity of the grating (hundreds of nm in 
silicon) [63]. 
3) Wood-Rayleigh anomalies (WR) [16]. Abrupt changes in transmittance as a function of 
period are observed in configurations for which a diffraction order lies in the plane of the 
grating (Fig. 2.2-2(c)), i.e. at periods dn = nλ/N, being N the refractive index of the dielectric 
medium. These configurations mark a discontinuity, since for d > dn the n-th diffraction order 
does exist while for d < dn it does not. It is generally accepted that the peak in transmission is 
due to the abrupt redistribution of energy among the allowed orders passing through the d=dn 
configurations [64]. WR anomalies are not resonant phenomena but rather are due to pure 
geometrical reasons and are fully independent of CM and SPPs.  
It is worth noting that CMs are local resonances, since they would appear as well in a single 
illuminated slit without any periodicity [65]. On the other hand SPPs are global resonances 
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since they can exist thanks to the coherent periodicity of the structure [1]. As many authors 
pointed out, however, CMs and SPPs are not independent each other [66]. Actually one should 
better speak of a hybrid mode which presents both CM and SPP resonant characteristics. The 
SPP character dominates the transmission properties of the grating as the pitch gets proximate to 
one of those satisfying eq. (2.3). On the other hand the EOT efficiency is greatly enhanced in 
presence of a periodic structure [5, 66].  
 
2.2.3 Simulation results and discussion 
In Fig. 2.2-3 we report the resulting maps of transmittance and of absorption within 300nm in 
silicon obtained with FEM. The values are normalized to the case of purely absorbing silicon 
substrate coated with a perfect anti-reflection coating providing unitary transmittance. Resonant 
(h,d) configurations predicted by the semi-analytical model (2.1) are reported as well (see 
caption of Fig. 2.2-3 for details). The periods chosen for the simulation are smaller than the 
wavelength of incident light. In the silicon substrate, however, λ0/NSi  278nm, so that 
diffractive effects are present.  
 
Fig. 2.2-3. FEM-calculated transmittance (a) and absorption enhancement (b) map within 300nm in silicon with 
respect to perfect AR-coated silicon. Superimposed black and grey lines mark respectively CM and SPP resonances 
according to the analytical model. White lines mark configurations which present a WR anomaly. Crosses mark 
configurations whose absorption profile is reported in Fig. 2.2-4(a). 
 
Looking at the transmittance map (Fig. 2.2-3(a)) we see that cavity modes resonances (black  
lines) are clearly associated with an enhanced transmission in the (h,d) configurations far from 
the SPP resonant ones (grey lines) in which the dominant SPP character determines a 
transmission extinction. In order to facilitate the resonances identification, in this computation 
we have chosen a slit-to-period ratio of only 10%. Notwithstanding the small slit-to-period ratio, 
the maximum transmittance value obtained for  h=184nm, d=340nm is as high as 0.68, reaching 
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the value of bare silicon. Considerably larger transmittances can be obtained optimizing the 
duty cycle (for h=184nm d=340nm, a maximum transmittance of 0.94 is obtained with a duty 
cycle of 31%)  
Cavity modes are also correlated to absorption enhancements. Within 300nm in silicon (Fig. 
2.2-3(b)), the largest enhancements (up to 350%) are obtained when both the conditions for SPP 
and cavity mode excitation are satisfied at the same time (at the crossing between gray black 
lines). In these configurations CM resonances canalize the whole incident power into an SPP 
mode rather than into a z-propagating mode, giving rise to an extraordinary SPP (Fig. 2.2-2(b)). 
By conversion in Fig. 2.2-2(a) it is shown the typical much weaker field enhancement in a 
configuration where only CM is excited without SPP resonant coupling. Looking at the 
absorption profiles (Fig. 2.2-4(a)) we observe that, in strongly SPP-CM-resonant configurations 
(black line), most of the enhancement is confined in the metal proximity and decays 
exponentially within the typical plasmonic propagation length 
2 1/2
3 3( / 2 ) [( ]) /mL           
100nm. The enhancement factor can be up to 30 times in the first 30nm of silicon.  
 
 
Fig 2.2-4. (a) Absorption profile enhancement with respect to perfect AR-coated silicon in configurations marked 
with crosses in Fig. 2.2-3: h=136nm, d=765nm (light gray); h=148nm, d=735 (medium gray); h=163nm, d=705nm 
(black); inset: absorption profiles within 1μm depth. (b) Absorption profile enhancement in configurations near the 
cross in Fig. 2.2-5: h=175nm and d respectively 285nm (black), 300nm (medium gray), 320nm (light gray). Black 
dots and circles represent the contributions to the whole black absorption profile coming from the n=±1 and n=0 
diffraction orders respectively. 
 
Far from the grating (Fig. 2.2-4(a), inset) the absorption is almost zero in SPP resonances 
since SPPs typically produce transmission extinctions. On the other hand, strong CM but not 
SPP resonant configurations (light grey lines) show absorption profiles that are much less 
confined close to the surface, but are higher in depth due to EOT.  
Looking at the absorption within a thicker (40µm) silicon layer (Fig. 2.2-5(a)) we find that 
the best enhancements are obtained in CM-resonant configurations proximate to WR anomalies, 
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i.e. those shown in Fig. 2.2-2(c). In these configurations, CM resonance results to efficiently 
couple to diffracted waves propagating at grazing angles with respect to the grating plane. The 
mechanism is particularly efficient when only the n=±1 diffraction orders are present besides 
the 0-th one, around configuration identified with a black cross in Fig. 2.2-5(a) (h = 175nm, d = 
290nm). 
 
 
Fig. 2.2-5: (a) Absorption enhancement within 40µm in silicon with respect to silicon treated with perfect AR 
coating. Overplotted lines are defined as in Fig. 2.2-3. (b) Left: Extinction length of the absorption profiles calculated 
in CM-resonant configurations (hCM(d),d); right: absorption within L with grating normalized to absorption within the 
same L in case of perfect AR-coated silicon. Grey horizontal lines and circles mark respectively SPP-resonant periods 
and WR anomalies.  
 
Looking at the absorption profiles (Fig. 2.2-4(b)), these are clearly the superposition of two 
exponential decays, relative to the n=±1 and n=0 diffraction orders respectively. As can be seen, 
in high enhancement configurations, the n=±1 orders contribute significantly to the whole 
absorption profile (see dotted lines in Fig. 2.2-4(b)) which remains higher than that of a perfect 
AR-coated silicon up to about 40µm depth.  
The strong absorption enhancement in proximity of the grating in presence of SPP 
resonances is also correlated to an high power dissipation in metal. The h-d map of absorptance 
in metal looks very similar to Fig. 2.2-3(b) and we do not report it. The maximum absorptance 
of metal reaches values up to 84% (h=163nm, d=765nm) in correspondence of SPP-CM 
resonant configurations, down to about 14% (h=175nm, d=285nm) near CM-WR 
configurations. 
In order to highlight the strong field confinement achievable with CM-WR coupling, we 
consider now the locus of CM-resonant configurations, i.e., for every period d, we consider the 
thickness hCM(d) which maximizes the FEM-calculated transmittance. In these configurations 
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we consider an absorption profile extinction length (L) taking the depth in silicon at which a 
fraction of (1-e
-1
)  63.2% of the transmitted power is absorbed. This is the fraction of power 
absorbed within the typical decay length in presence of an exponential-like absorption profile. 
We finally calculate the absorption enhancement within L (QL) integrating Q(z) down to depth 
L and normalizing point by point to the absorption within L with respect to the case of a perfect 
AR-coated film on silicon. In Fig. 2.2-5(b) we report L and QL as a function of period, being 
h=hCM(d). It is clearly seen that at CM-resonant configurations just above WR anomalies the 
extinction length drops while the absorption within L is strongly increased. Although most of 
the QL are lower than 1, it is to be noted that we have an extraordinary absorption for every 
period at which QL exceeds 0.1, i.e. the fraction of period not covered by metal. As a general 
comment it clearly appears that the absorption length is always much shorter than the 
corresponding for pure absorption in silicon (156µm at 1000nm wavelength) and almost always 
accompanied by an enhancement of absorption with respect to the normalized open area.  
The absorption enhancement can be greatly improved optimizing the duty cycle. In Fig. 2.2-
6 we show the trends of L and QL as a function of the duty cycle for the fixed (h,d)-
configuration h=145nm, d=280nm, which is very close to the WR-anomaly (see Fig. 2.2-5(a)). 
The maximum of absorption is found 1.5 times greater than in AR-coated silicon within 
L=80µm 
 
Fig. 2.2-6: Gray: Extinction length of the absorption profile for different duty cycle values (i.e. slit-to-period ratios); 
black: absorption within L normalized to absorption within the same L in case of perfect AR-coated silicon. Dash-
dotted and dashed lines are the contribution to QL from the n=0 and n=±1 diffraction orders respectively. h and d are 
set to 145nm and 280nm respectively. The set of parameters h=145, d=280, duty cycle=0.2 was found to optimize the 
absorption enhancement within 40µm (+210%).  
 
for a duty cycle of about 20%. As can be seen, in this configuration most of the power 
transmitted by the CM in the slit is drained by the n=±1 diffracted waves. We note that the 
extinction length drops at a duty cycle of about 0.7, before reaching the value it has in absence 
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of grating, while QL has a local maximum. This is due to a stronger coupling of the CM-
resonances to the n=±1 diffraction orders than to the n=0.      
Summarizing, we studied the optical response of 1D digital plasmonic gratings placed on a 
semi-infinite absorbing substrate in order to clarify the role and the potentialities that the optical 
resonances of such structures have in remodulating light absorption.  Numerical and analytical 
simulations show that relevant absorption enhancements can be produced in silicon at different 
depths, in relation to the type of plasmonic resonance involved. SPPs resonances lead to high 
field enhancement (up to +350%) in close proximity to the grating, whereas cavity modes 
coupled to grazing diffracted waves allow an efficient transmission and spreading of light power 
into the substrate, leading to an enhanced absorption of long-wavelength radiation in shallower 
regions of the underlying silicon (up to +51.3% within 80µm).  
 
2.2.4 Full spectrum optimization 
From previous section it is clear that the lamellar grating can greatly enhance the IR absorption 
of the TM part of the solar spectrum. In order to investigate the applicability of such a 
plasmonic structure to a silicon solar cell, however, we consider in this section the optical 
response to the whole solar spectrum for both TE and TM polarizations.  
A model of the optical response of a flat Si solar cell integrating a 1D silver grating on the 
front surface has been set up (Fig. 2.2-7(a)). Silver was considered instead of gold, due to its 
lower cost and lower metal dissipation in the UV-VIS. The aim of this model is to maximize 
device absorption optimizing the geometric parameters of the nanostructures. The schematic 
illustration of the simulated layout is reported in Fig. 2.2-7(b). The full EM field distributions 
for normally impinging light were calculated by FEM only down to 1.5 µm in Si below the front 
surface. Far fields were reconstructed by a post-processing algorithm based on Fourier analysis, 
as mentioned in section 2.2.1. We considered a double pass of photons through a 500 µm-thick 
Si substrate coated by the Si3N4 Anti-Reflection Coating (ARC), assuming specular reflection at 
the rear surface. Materials dielectric functions were taken from literature [23]. 
Once known the EM field distribution in the device, we calculated both the photo-generation 
profiles (G(z,λ)), which constitute the input of electrical simulations shown later on, and the 
losses due to the front surface reflectance and power dissipation in the metal structures. The 
generation profiles were calculated as  
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where F(λ) is the AM1.5 solar photon flux, ω is the angular frequency, ε is the permittivity, d 
the grating pitch and E is the electric field, calculated assuming a plane wave with unitary 
power incident over one period. The quantity Q(z,λ) represents the absorptance in Si averaged at 
every depth z over one period length of the grating. The total absorptance in silicon, i.e. the 
fraction of the incident photon flux absorbed, was calculated as an integral of G(z,λ) down to 1 
mm depth, in order to take into account a double pass of light within the solar cell. 
 
 
(a) 
 
(b) 
Fig. 2.2-7. Cross section of the model of the device designed for EM field simulations. Map of the electric field norm 
for TM polarized normally impinging light at λ = 1000 nm. 
 
The total generation rate of charge carriers, which is G(z,λ) integrated over the spectrum (400 
- 1100 nm) and the device thickness (1 mm), was used as figure of merit to optimize the grating 
layout. In particular, the pitch, duty cycle and thickness of the silver grating and the thickness of 
the Si3N4 layer were simultaneously optimized.  
As a result of this multi-parametric optimization we found that there are no configurations 
able to provide a global absorption enhancement compared the bare device. Nevertheless, 
analyzing separately the two light polarizations, it results that for TM-polarized radiation an 
improvement of total generation rate up to 3.3% could be obtained. Maps of the generation rate, 
normalized to the bare reference device, are reported in Fig. 2.2-8, and refer to cross-section of 
the parameters space for TM and TE polarization at the optimal grating thickness of 120 nm. 
From these graphs the optimal configuration for TM polarization, taken as target of the 
fabrication process, turns out to have a 70 nm-thick Si3N4 layer and a grating with 500 nm pitch, 
120 nm thickness and Ag linewidth of 75 nm.  
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In Fig. 2.2-9 the spectra relative to the optimal configuration are reported. As can be seen, in 
such a grating setup a broad absorptance enhancement is found in the NIR spectral range in TM 
polarization and reflectance is much lower than without grating overall the spectral range. In the 
VIS, however, some losses are seen, especially at low wavelengths mainly due to dissipation in 
metal. In TE polarization no overall improvement is obtained, although the losses introduced by 
the grating are not so high in the VIS range (400-700 nm). 
 
 
(a) 
 
(b) 
Fig. 2.2-8. Map of total generation rate for TM (a) and TE (b) polarizations as a function of grating pitch and duty 
cycle. The generation rate refers to the device integrating the nanostructures and is normalized to the case of the bare 
front surface. Thicknesses of the grating and of the Si3N4 layer are fixed to their optimal value (respectively 120 and 
70 nm). Inset: total generation rate enhancement as a function of grating thickness. In this case grating pitch and duty 
cycle are fixed to their optimal value (respectively 500 nm and 15%).  
 
 
(a) 
 
(b) 
Fig. 2.2-9. TM (a) and TE (b) spectra of absorptance in silicon (Q) reflectance (R) and metal absorptance (Qmetal) with 
and without optimal silver grating (period = 500 nm, duty cycle = 15%, thickness = 120 nm). 
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2.2.5 Fabrication 
Periodic arrays of Silver nanowires with rectangular cross section have been fabricated on a 
batch of finished solar cells produced by Modern E-Technologies (MET). In order to make the 
nanofabrication step less challenging and to have a direct comparison with the simulation model 
developed, this batch has specific properties. The substrate is a 500 µm-thick CZ Si (100) wafer, 
p-doped with resistivity 1-20 Ωcm. The emitter is made by Phosphorous diffusion. SIMS 
analysis shows a donor surface concentration of 2·10
20
 P ions/cm
3
 and a junction depth of 600 
nm. The surfaces are polished, not subjected to the standard texturing treatment and coated with 
a 70 nm-thick Si3N4 passivation and ARC layer. The back electrode is made of Al and creates a 
LBSF (Local Back Surface Field) in the point contacts with the base. The front metal grid is 
made of electroless-plated Nickel and is only 200 nm-thick. The latter feature together with the 
lack of surface texturing reduce the surface topography in order to make easier the patterning of 
the nanostructured grating. The thin metallization grid is cause of a relatively high series 
resistance, which nevertheless does not impact on quantum efficiency measurements due to the 
low light (and current) levels involved. The samples have dimensions of 20x20 mm
2
 while the 
squared active area is defined by an edge isolation with 11 mm side. 
In order to pattern the large surface area of these samples with the periodic sub-wavelength 
structures designed in the simulation step, it was employed a Laser Interference Lithography 
(LIL) setup based on a Lloyd’s mirror interferometer [67]. The source is a HeCd laser emitting 
50 mW at 325 nm wavelength with 30 cm coherence length. The pitch of the gratings can be 
controlled by the incidence angle with the interferometer axis of rotation while the linewidth of 
the photoresist pattern can be tuned by 6the exposure dose. More in detail, the cells have been 
coated with three resist layers: a lift-off resist (Microchem SF3), a Bottom Anti-Reflection 
Coating (Brewer Science XHRiC-11) and a top positive photoresist (Rohm and Haas SPR1.2 
thinned with PGMEA 1:1).  
In order to obtain narrow silver linewidth, it was followed the nanofabrication process 
hereafter described. The tone of the top resist LIL pattern is inverted by evaporation and lift-off 
of a thin Cr layer. This is then used as hard mask to transfer the pattern into the underlying resist 
layers by dry etching (RIE). A thin adhesion layer (3 nm of Ti) and silver are evaporated in 
vacuum over the samples. Exploiting the undercut created by RIE below the Cr hard-mask, the 
final lift-off step is performed by wet-etching the SF3 layer. Fig. 2.2-10 shows SEM images of 
the final result. The fabricated grating turned out to have a geometry close to the optimized one, 
apart the wider nanowire cross-section. The experimental geometric parameters (pitch 480 nm, 
Ag linewidth 144 nm, thickness 100 nm) are used as input to the simulated layout of the grating. 
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In order to best reproduce experimental data, these parameters (instead of the optimal ones) are 
used for all the simulations shown throughout the rest of this section. 
 
  
Fig. 2.2-10. SEM micrographs (top view and cross section) of the Silver gratings fabricated over the front surface of 
Si solar cells. 
 
2.2.6 Electro-optical characterizations 
External Quantum Efficiency (EQE) of the devices was acquired with a standard setup [68] 
including a broadband polarizing filter in the illumination path between the monochromator and 
the solar cell in order to get polarization resolved spectra. The spectrum of the same solar cell 
measured before and after the integration of the metallic nanostructures is reported in Fig. 11(a). 
In the devices with the grating, the spectrum for TE polarized incident light (electric field 
oscillating parallel to the Ag nanowires) suffers significant attenuation, as can be expected for 
1D geometries, compared to the flat reference cell. On the other hand, the TM spectrum remains 
below but close to that of the reference cell for wavelengths lower than 850nm and exceeds it in 
the near IR. 
EQE is the product at each wavelength of Internal Quantum Efficiency (IQE) by the fraction 
of incident photons absorbed in the semiconductor. IQE takes into account the conversion 
efficiency of absorbed photons into charge carriers collected by the electrodes and is affected by 
the generation profile inside the device. At IR wavelengths, for which most of the photons are 
absorbed in regions with low collection probability for the generated carriers (far from the 
junction or next to the surfaces), the relative IQE is low. Therefore a benefit in conversion 
efficiency is expected for scarcely absorbed wavelengths if the grating is able to deflect the 
propagation direction close to the surface plane. The metallic nanostructures will also affect the 
transmittance properties of the front surface and the in-coupling of photons in the device. The 
optical and electrical simulations shown in the next paragraphs are aimed at distinguish the two 
contributes of grating to EQE spectra.  
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(a) 
 
(b) 
Fig. 2.2-11. (a): polarization resolved EQE spectra of a cell before and after the grating fabrication. (b): simulated 
EQE spectra for the flat cell and for the cell integrating the nanostructures on the front surface (see section 2.2.7)  
 
The specular reflectance of the front surface for a flat reference device and for a device 
integrating the nanostructures was measured by spectroscopic ellipsometry for both light 
polarizations (Fig. ). The incidence angle was 15°, the minimum allowed by the instrument (J. 
A. Wollam Co. VASE Ellipsometer). Comparing these spectra with numerical simulated ones, 
we checked the reliability of the model. The minor disagreement could be attributed to the non 
ideal geometry of the nanowires and to a thin oxide layer grown around them. Incidentally, we 
mention that for λ > 604 nm (λ > grating pitch in case of normal incidence) the specular 
reflectance coincides with total reflectance due to the lack of diffraction orders. 
 
 
Fig. 2.2-12. Ellipsometric measurements (solid lines) and simulations (dashed lines) of specular reflectance at an 
incidence angle of 15° for a flat cell and for a cell integrating the nanostructures on the surface. 
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2.2.7 Electrical simulations 
In order to calculate the current flowing in short circuit condition in the device, and from this to 
simulate the EQE spectrum, we set up an electrical model combining the basic equations of 
semiconductor device physics as described by [69]. The simple model assumed an abrupt p-n 
junction (depth 600 nm) with base and emitter homogeneously doped respectively to 5·10
18 
cm
-3
 
and 1.5·10
16 
cm
-3
. We extended the treatment of reference [69] calculating the analytical 
solution of photocurrent in base and emitter for an arbitrary generation profile: 
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where q is the electron charge, H is the solar cell thickness, HB and HE are respectively the base 
and emitter thickness from the Space Charge Region (SCR) edge to the surface, S is the surface 
recombination velocity, L is the diffusion length and D is the diffusion coefficient respectively 
for electrons in the base (n) and holes in the emitter (p). 
Recombination in the SCR was neglected. We used the diffusion coefficient tabulated versus 
doping level from literature [70]. S and L were the only free parameters of the model and they 
were tuned in order to have a good fit between the simulated and experimental EQE spectra. We 
used S=2 m/s for both front and back surfaces, Ln= 80 µm and Lp= 500 nm. The EQE spectra 
simulated with these parameters are shown in 2.2-11(b). 
Though the spectra obtained with this model are not very accurate due to the simplifications 
assumed, we expect that it is able to describe the relative efficiency variations due to modulation 
of generation profiles by the grating integration. Comparing the spectra of Fig. 2.2-11 we 
actually see a qualitative agreement between experimental and simulated EQE. In particular 
simulations correctly reproduce the observed EQE increase in the NIR part of the spectrum for 
TM polarization. 
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2.2.8 Experimental results discussion 
Incoupling losses due to front surface reflectance and power dissipation in the metal stripes have 
been calculated for normal incidence and compared to the losses in the bare device (Fig. 2.2-
13). A reflectance peak exists for the grating and TM polarization in correspondence of the 
Wood-Rayleigh anomaly (wavelength equal to grating pitch, 480 nm) in air. On the other hand 
for this polarization the losses result to be lower than reflectance of the flat surface for NIR 
photons. In the same wavelength range, losses in TE polarization for the grating are mainly due 
to the high surface reflectance. Metal dissipation remains lower than 3% for λ> 600 nm and 
peaks at 18 % for λ= 450 nm and TM polarization. 
 
 
Fig. 2.2-13. Sum of front surface reflectance and fractional power dissipation in the metal stripes 
 
Once known the amount of incoupling losses, it is possible to calculate the Internal Quantum 
Efficiency. The relative IQE variation for the device with the grating compared to the flat 
reference one is plotted in Fig. 2.2-14(a). For both light polarizations an improvement of 
collection efficiency for carriers generated by NIR photons is inferred as expected. On the other 
hand a much more limited decrease of efficiency is introduced by the grating in the visible.  
In order to verify that the IQE variation is related to the remodulation of generation profiles, 
we quantified the contraction of extinction depth compared to the bare front surface. The 
extinction depth was calculated as the thickness of Si needed for absorbing a fraction (1-e
-1
) ~ 
63.2 % of the total power absorbed in a round trip in the wafer. With this definition we can 
compare the extinction depth with the inverse of the absorption coefficient, which describes the 
exponential attenuation of the generation profile for monochromatic light propagating normally 
to the front surface. The spectra of extinction depth variation (Fig. 2.2-14(b)) confirm the 
hypothesis, showing that the grating is able to scatter efficiently light in the substrate over the 
whole wavelength range. In the NIR spectrum, this effect leads to an IQE improvement due to a 
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greater overlap of the generation profiles with areas of the device characterized by high 
collection probability. On the other hand in the visible the contraction of extinction depth 
enhances the surface contribution to recombination losses.  
 
 
(a) 
 
(b) 
Fig. 2.2-14. Polarization resolved relative variation of IQE (left) and extinction depth (right) for the device integrating 
the grating compared to the flat reference one 
 
2.2.9 Conclusions 
Summarizing the work presented so far, we studied the optical response of 1D digital plasmonic 
gratings placed on a semi-infinite absorbing substrate in order to clarify the role and the 
potentialities that the optical resonances of such structures have in remodulating light 
absorption. Numerical and analytical simulations show that relevant absorption enhancements 
can be produced in Silicon at different depths, in relation to the type of plasmonic resonance 
involved. SPPs resonances lead to high field enhancement (up to +350%) in proximity to the 
grating, whereas cavity modes coupled to grazing diffracted waves allow an efficient 
transmission and spreading of light power into the substrate, leading to an enhanced absorption 
of long-wavelength radiation in shallower regions of the underlying Silicon (up to +51.3% 
within 80µm). 
We have also experimentally investigated the effect on flat wafer-based silicon solar cells 
performances of the integration of 1D silver gratings on the front surface. Despite such gratings 
are not able to provide a global efficiency enhancement, in the NIR the EQE spectra of cells 
integrating the fabricated nanostructures exceed ones of the bare reference cells for TM 
polarization. By optical and electrical simulations we have discriminated between the 
contributions to EQE coming from IQE and front surface transmittance. The nanostructured 
front surface suffers from high reflectance over the whole spectrum for TE polarization while 
for TM polarization the reflectance can be reduced compared to the bare surface. On the other 
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hand, due to the scattering of incident light into diffraction orders propagating in the substrate, 
the grating acts as a light trapping device for transmitted photons. As a matter of fact, the IQE 
of the devices benefits over a broadband in the NIR from the contraction of the extinction depth 
of photons in the semiconductor and the relative generation of charge carriers in areas 
characterized by high collection probability. 
 
 
2.3 Plasmon mediated absorption enhancement in heterostructure OSCs 
 
2.3.1 Introduction 
Organic semiconductors are excellent absorbers of EM radiation but have poor electrical 
properties [71]. Due to the limited diffusion length of the excitons photogenerated in the 
absorbing layers, the physical thickness of organic solar cells (OSC) is limited to few tens of 
nanometers [72]. Thus the realization of light trapping systems is mandatory in combination 
with such ultra-thin solar cells in order to get significant values of conversion efficiency.  
Plasmonic offers two main mechanisms to concentrate light in thin film solar cells, 
Localized Surface Plasmons (LSPs) and Surface Plasmon Polaritons (SPPs) [2]. The first 
resonances are characteristic of small metal nanoparticles and yield very high field enhancement 
within a few nanometers from the metal surface. In combination with ultra-thin absorber layers, 
nanoparticles size is designed to make the absorption cross section overwhelming compared to 
the relative scattering cross section [6]. On the other hand, SPPs, as evanescent waves 
propagating at a metal-dielectric interface which provide lower field concentrations within a 
higher range, usually around 100 nm.  
The work we present here concerns the optical study of an OSC integrating the plasmonic 
nanostructure considered. Its layout is presented in section 2.3.2. Section 2.3.3 reports the 
results of an overall optimization of both the plasmonic nanostructures geometric parameters 
and of the OSC layers thickness, showing that a relevant enhancement can be obtained. Sections 
2.3.4, 2.3.5 and 2.3.6 are devoted to identify in detail the origins of the observed enhanced 
absorption, correlating the different spectral enhancement peaks with plasmonic resonances. 
This is done investigating first the optical eigenmodes of the flat configurations (without any 
gratings or in presence of a 10 nm uniform silver metal film, Section 2.3.4) and then the 
resonances of a single plasmonic nanostrip placed within the OSC stack (Section 2.3.5). Finally, 
in Section 2.3.6, we consider the whole plasmonic grating, providing evidence that it supports 
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both localized and propagating resonances. Both of them play a role in the overall spectral 
enhancement and give rise to an effective light trapping mechanism.   
    
2.3.2 Plasmonic OSC model 
We considered the solar cell layout with the schematic cross section shown in Fig. 2.3-1(a). A 
3D view of the cell is reported in Fig. 2.3-1(b). It is a p-i-n cell in superstrate configuration with 
a central heterojunction whose active layer is made of a Copper Phthalocyanine (CuPc, 20 nm) - 
Fullerene (C60, 10 nm) bilayer. The absorbers are embedded between the Hole Transport Layer 
(HTL), made of N′,N′-tetrakis(4-methoxyphenyl)-benzidine (Meo-TPD) doped with 2,3,5,6-
tetrafluoro-7,7,8,8,-tetracyanoquinodimethane (F4-TCNQ), and the Electron Transport Layer 
(ETL), which is constituted by Rhodamine B doped fullerene (C60:RhB). The p-i-n 
configuration is chosen since the modification of transport layers thickness does not strongly 
affect the electrical properties thus allowing the optimization of the vertical photonic structure 
of the cell [73, 74]. A 1D silver grating with square wave profile is embedded in the HTL (see 
Fig. 2.3-1). The refractive index dispersion relations for organic layers, ITO (120 nm thick) and 
glass were extracted with ellipsometric measurements while those for the metals were taken 
from [23]. We performed 2D Finite Elements optical simulations of the EM field distribution 
for the three variations of the basic device layout mentioned before (full grating, flat and 
isolated strip). 
 
 
Fig. 2.3-1. 2D FEM model cross section (a) and 3D picture (b) of the plasmonic OSC. 
 
2.3.3 Grating parameters optimization  
In the full grating structure FEM model (Fig. 2.3-1(a)), periodic boundary conditions are set at 
the lateral boundaries of the unit cell, while at the upper and lower sides of the model Perfectly 
Matched Layers (PMLs) simulate an infinite extension of air and silver respectively (not shown 
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in Fig. 2.3-1(a)). TE and TM polarized normally impinging monochromatic plane waves with 
unitary power are set as illumination. For both polarizations we calculated the reflectance (R), 
through the Poynting vector flux at the top boundary, and the absorptance (Q). The latter is 
defined as the fraction of incident power absorbed in the organic layers. To evaluate the 
absorption performance of the cell we defined a figure of merit called Throughput (T): 
 
( ) ( )
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 (2.8) 
with F being the AM1.5 solar photon flux. We considered the wavelength range between 300 
and 1100 nm within which the absorption of the CuPc-C60 bilayer is appreciable (see Fig. 2.3-
2(c)). 
 
 
Fig. 2.3-2: (a) Absorptance within active layers CuPc and C60 (blue solid line), absorptance in metal parts (black 
solid line) and reflectance (red solid line) of the optimal cell compared to the same quantities calculated for the 
optimal cell without grating (dashed lines); (b) Absorptance enhancement (Q/Q0) in the active layers for TM (blue) 
and TE (red) polarizations; (c) Real and Imaginary parts of relative dielectric constants of CuPc (black) and of C60 
(green).    
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We modeled both the layouts with and without the grating. In the optimization of the cell 
geometry we simultaneously varied the grating parameters and the thickness of ETL and HTL. 
We tuned the transport layers thicknesses in a range from 20 to 70 nm in order to not affect the 
electrical properties of the cell [74]. In the case of the cell without grating, we found that the 
optimal thicknesses of the spacer layers are 30 nm and 60 nm respectively for HTL and ETL. 
For the plasmonic device, the grating geometry that maximizes the throughput has a period of 
380 nm, a thickness of 10 nm and a strip width-to-period ratio of 25% (Ag width of 95 nm) 
whereas HTL and ETL optimal thicknesses are 20 nm and 70 nm respectively.  
Figure 2.3-2(a) reports the absorption spectra within active layers (Q) and within metal 
domains (Qm) and the reflectance spectra (R) in the optimal cell with plasmonic grating 
compared to the optimal cell layout without grating. It is evident that a wide enhancement band 
is found in the wavelength range from 480 nm to 1100 nm. The overall throughput enhancement 
reached by the optimal grating configuration compared to the best flat reference configuration is 
+11.8% (-1.8% for 300 nm < λ < 480 nm, +12.5% for 480 nm < λ < 900 nm, +1.1% for 900 nm 
< λ < 1100 nm). In the device integrating the plasmonic crystal an increased metal dissipation is 
found for λ > 600 nm while the reduced organic layers absorption in the UV is due to an 
increase in reflectivity.  Despite introducing these losses, the grating improves the absorption in 
the device otherwise limited by the low thickness of the active layers and the resulting high 
reflectivity. 
The spectral amount of absorption enhancement for the two orthogonal polarizations TM and 
TE (respectively magnetic and electric field parallel to the silver strips) is reported in Fig. 2.2-
2(b). As can be expected from an anisotropic structure such as a 1D grating, a strong 
polarization dependence of the enhancement is found. The TM contribution to the overall 
throughput enhancement is +20.3%, while the TE one is +3.2%. Looking at the TM spectrum, 
in particular, two broad enhancement peaks are observed at λ=780 nm and λ=1100 nm. 
However the long wavelength peak contribution to throughput enhancement is really limited 
due to the low Q absolute value. Also the TE spectrum presents a band of enhancement, 
although it is more modest with respect to TM polarization and it drops below unity in the outer 
regions of the considered wavelength range. It is worth noting that both the TE and TM 
enhancements fall within the maximum absorption spectral window of CuPc (see Fig. 2.2-2(c)). 
The FEM studies performed in what follows are aimed to get a clear understanding of the 
reasons of the observed enhancement.  
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2.3.4 Modal analysis of the flat configurations 
The main function of the grating is to couple incident light into the guided modes of the 
multilayer stack constituting the OSC. In order to clearly identify which are the possible 
photonic and plasmonic modes we performed a modal analysis of the structure by means of 
FEM simulations in case of absence of any grating and with a continuous 10 nm silver film in 
place of the grating. The real parts of the obtained TM optical modes dispersions are reported in 
Fig. 2.3-3 while the respective mode electric field norm profiles at some representative 
frequencies are reported in Fig. 2.3-4.  
The basic TM guided modes of the structure in absence of any grating (red curves in Fig. 2.3-3) 
are two: a Surface Plasmon Polariton mode at the interface between the back silver contact and 
the ETL organic layer and a TM0 waveguide mode within the ITO slab (respectively Fig. 2.3-
4(a) and 4(b), red curves). The former, in particular, allows a high field enhancement within the 
organic layers. The structure with 10 nm continuous Silver layer also sustains these modes (see 
corresponding black lines in Fig. 2.3-3). In particular, the SPP dispersion remains similar to that 
one obtained in absence of the top Ag film. Nevertheless, while at high frequencies the field is 
mostly confined close to the back electrode (Fig. 2.3-4(a) green curve) at lower frequencies it 
results much more concentrated within the ITO layer in the case of presence of Ag film (Fig. 
2.3-4(a), black field profile). 
The structure with the Ag film sustains two more guided modes, a Long Range SPP mode 
(LR-SPP) and a Short Range SPP mode (SR-SPP) [2], which can be identified from symmetry 
considerations on the electric field component along the film interface (respectively 
antisymmetric and symmetric, see Fig. 2.3-4(c), (d), cyan curves).  
 
 
Fig. 2.3-3: TM Modes dispersion for flat configurations with (black) and without (red) 10 nm continuous Ag film 
between the ITO layer and the HTL. The blue dashed line is the light line in glass. 
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Fig. 2.3-4: Electric field profiles of modes at representative frequencies. (a) back electrode SPP modes with and 
without 10 nm Ag film; (b) TM0 ITO waveguide modes with and without 10 nm Ag film; (c) LR-SPP mode; (d) SR-
SPP mode. 
 
It is interesting to analyze the frequency behavior of the SR-SPP mode field profile (Fig. 2.3-
4(d)). While at high frequencies (~3∙1015 Hz, black curve) the field profile is highly 
concentrated close to the metal layer, at lower frequencies (~1.5∙1015 Hz, green curve) the mode 
is much more delocalized and produces an almost uniform field enhancement within the whole 
organic layer slab. The mode changes its nature and becomes much more similar to a metal-
dielectric-metal plasmonic mode [2]. 
 
2.3.5 Single strip resonance study 
The resonant features of a single isolated silver strip embedded in the HTL were investigated by 
means of a scattering 2D FEM model. The scattering simulation goes through two steps. First 
we calculate the background Electric field Eb given by a TM-polarized monochromatic plane 
wave normally impinging on the OSC model without any plasmonic structures. Then the wave 
equation is solved for the scattering field Es in presence of the single metal strip, assuming the 
full field is given by Etot = Eb + Es  [35]. PMLs are placed at all the outer boundaries in order to 
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simulate an infinite space extension around the strip (Fig. 2.3-5(b), (c)). In Fig. 2.3-5(a) we 
report the map of normalized absorption cross section of the strip, calculated as the absorption 
within the strip divided by the strip width times the light power incident on the strip cross 
section.  
We find out that characteristic absorption regions visible in Fig. 2.3-5(a) are related to the 
resonant behavior of Short Range SPP travelling back and forth on the strip in the horizontal 
direction, according to a simple Fabry-Perot resonator model [75, 76]:  
 ( )SR SPPw k m      (2.9) 
where w is the strip width, kSR-SPP(ω) is the momentum of the SR-SPP mode, m is an integer 
number and ϕ is the proper phase pickup upon reflection at the strip ends. 
 
 
Fig. 2.3-5: (a) Single strip normalized absorption cross section as a function of strip width and frequency. Black solid 
lines mark single strip resonance positions according to Eq. (2) with ϕ ≈ 1.2 rad; the vertical dashed line mark the 
optimal strip width configuration as found in Section 3; (b), (c): Scattered electric field norms in the configurations 
marked with circles in the map; their strip widths are respectively 140 and 66 nm. Color scales in (b), (c) are 
normalized to the impinging wave electric field norm.     
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As pointed out in [62, 75, 76], ϕ in general depends on frequency but the variation is slow for a 
high magnitude of the real part of the relative permittivity of the metal (over 10). This condition 
is satisfied for silver at frequencies lower than about 3.5·10
15
 Hz. So, as a first order 
approximation, we consider ϕ to be a constant. Inserting the SR-SPP mode momentum 
calculated for a continuous film in previous section inside Eq. (2.9) and solving the equation 
numerically, we find the optimal ϕ in order to have good agreement between the model and 
scattering FEM simulation. The best fit, ϕ ≈ 1.2 rad, is comparable to phase pickup values 
obtained by ab initio calculations in similar studies [75, 76] for strips much thinner than free 
space wavelength. In Fig. 2.3-5(a), black lines are the solutions of Eq. (2.9) for different values 
for m. In particular, for symmetry reasons, only the odd modes (m=1,3,5…) can be excited in 
the considered top illumination geometry. As is seen, the Fabry-Perot resonator model correctly 
individuates the locations of the strip absorption maxima.  
As can also be seen from the map, for the strip width of the optimal grating configuration 
determined in Section 2.3.3, w = 95 nm, a single strip resonance is expected in a broad 
frequency band ranging from 1.8 to 2.7·10
15
 Hz. The presence of single strip resonances in the 
optical response of the grating is reasonable since the separation between the strips in the 
optimal configuration is pretty high (285 nm) and highly localized resonances are therefore 
expected to be unaffected by grating periodicity.  
Figures 2.3-5(b), (c) report two scattered electric field norm distributions sampled along the 
single strip resonance (circles in Fig. 2.3-5(a)). The field appears to be much more delocalized 
at low frequency (Fig. 2.3-5(b)) than at high frequency (Fig. 2.3-5(c)). This is in agreement with 
the frequency dependence of the SR-SPP mode field profile discussed in previous section.    
 
2.3.6 Full plasmonic grating structure study 
Once identified the modes and resonances supported in the structure, we want to highlight the 
role of the grating in exciting such field configurations and the role of localized and propagating 
surface plasmons in increasing the cell absorption.  
We start considering the TM polarization, which plays the major role in determining the light 
trapping properties. In Fig. 2.3-6 we report the map of absorption enhancement within the 
organic layers with respect to the optimized cell without any grating, in the case of TM 
polarized impinging light. This map, as well as the following ones, are calculated assuming 
grating thickness and strip width-to-period ratio fixed to the optimal values of 10nm and 25% 
respectively, and letting the grating wave vector G=2π/d vary.  
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The optimal grating wave vector obtained in Section 2.3.3 is here marked by the dashed line. 
Note that keeping the strip-to-period ratio fixed has the advantage to avoid the bias that would 
appear keeping the strip width fixed, i.e. small-period configurations would unavoidably present 
lower enhancements with respect to higher ones, due to the higher fraction of cell surface 
covered by the metal strips.   
 
 
Fig. 2.3-6. TM Absorption enhancement within the organic layers with respect to the optimal cell without any grating 
as a function of crystal wave vector G=2π/d and angular frequency ω. Black lines are the back SPP coupling 
dispersions according to Eq. (2.10) for m=1, 2, while the white line represents the single strip resonance, i.e. the zero 
of Eq. (2.9) for m=1. The optimal grating period is marked with the dashed black line. Empty and filled circles mark 
configurations whose electric field norm is reported respectively in Fig. 2.3-8(a) and (b); the “+” marks the peak of 
absorption enhancement at λ = 780 nm. 
 
In Fig. 2.3-6 two evident high-enhancement regions are present, one in the range 700 nm < λ 
< 900 nm, the other in the IR part of the spectrum. As was discussed in Section 3, the former 
region provides the main contribution to the overall throughput enhancement since it partially 
overlaps to the band of maximal absorption of CuPc layer. The latter region, although shows a 
much greater absorption enhancement (the maximum value reached, a factor 11, is out of the 
color scale) contributes to a much lower extent to the throughput. 
Two basic plasmonic mechanisms contribute to the enhancements found. One of them is 
directly related to the dispersion kSPP(ω) of the SPP at the back electrode/ETL interface which 
was numerically found in Section 2.3.4 analyzing the flat configurations. The grating works as a 
plasmon coupler, allowing the incident radiation to couple to the flat back electrode SPP mode, 
according to already mentioned relation 
 
2
( ) 1, 2, 3,...SPPmG m k m
d

       (2.10) 
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This is clearly seen superimposing to the map the curves given by (k, ω) = (m-1∙kSPP(ω), ω), 
(black curves in Fig. 2.3-6 and in following maps). The curve corresponding to m=1 
approximately follows the relevant enhancement region found at ω > 2∙1015 Hz (λ < 940 nm). 
Further evidence of this coupling mechanism is obtained superimposing the same curves to a 
map of losses within the back electrode for TM polarization as a function of G and ω (Fig. 2.3-
7(a)). SPPs at back electrode, when present, are expected to strongly increase metal losses, 
beside absorption in the organic layers. As a matter of fact, high dissipation regions are found in 
Fig. 2.3-7(a) exactly along black curves. Incidentally, in this map we note also a weak 
absorption region between 1.5 and 2∙1015 Hz which is almost constant for G > 2∙107m-1. This 
corresponds to a vertical resonance of the flat multilayer structure.  
 
Fig. 2.3-7: TM Absorptance in back electrode (a) and in the metal strips (b) as a function of crystal wave vector 
G=2π/d and angular frequency ω. Strip-width-to-period ratio and grating thickness are kept fixed to 25% and 10 nm 
respectively. In both maps the black lines are the back SPP coupling dispersions according to Eq. (2.10) for m=1, 2, 
while the white line represents the single strip resonance, i.e. the zero of Eq. (2.9) for m=1. The vertical black dotted 
line marks the optimal grating period (380 nm). Filled and empty circles mark the configurations whose electric field 
norm is reported in Fig. 2.3-8(a) and (b). 
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The second basic plasmonic mechanism is related to the single strip SPP resonance described 
in Section 2.3.5. This is marked with a white line in all the presented maps. The line is obtained 
from Eq. (2.9) assuming the same constant value for the SR-SPP reflection phase ϕ, as 
discussed in the previous section. Note that, since we keep the strip-to-period ratio fixed, the 
strip width varies with period in the map and, as a result, the resonance location disperses with 
period. As is seen in Fig. 2.3-6, the white line individuates the location of the maximal 
enhancement in the IR and also approximately follows the high-enhancement region in the 
range 700 nm < λ < 900 nm. 
The presence this resonance becomes more evident analyzing the map of absorptance in the 
strips of the grating as a function of G and ω (Fig. 2.3-7(b)). Here a strong dissipation feature is 
visible spanning the entire map. As is seen, it is well fitted by the single strip resonance curve. 
The back SPP couplings (black lines) correspond instead to narrow strip absorption minima. 
This is expected, since in these configurations most of the EM energy is localized close to the 
back electrode.      
 
 
(a) 
 
(b) 
 
(c) 
Fig. 2.3-8. Reflectance (a) and back electrode absorptance (b) maps for the optimal configuration as a function of 
impinging angle and frequency, compared with calculated Bloch bands (black lines). (c) Comparison between Bloch 
bands and flat back-electrode SPP dispersion (red line). 
 
The identification of this as a single strip resonance is independently demonstrated by the 
modal analysis of the plasmonic crystal, by means of the modal method described in Chapter 1. 
A comparison between scattering results and calculated Bloch bands is reported in Fig. 2.3-8. In 
order to better evidence optical features, imaginary parts of the non-metallic materials 
permittivities have been set to zero [77]. As is seen, the modal analysis identifies one main 
mode which corresponds to the SPP at back electrode, which strictly follows the peak in the 
back electrode dissipation map. This demonstrates that this is the only plasmonic resonance of 
the structure direcly correlated to periodicity. The other visible high frequency bands 
correspond to waveguide modes. A comparison of the Bloch mode with the SPP mode of the 
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structure without grating reveals that actually the real parts of the dispersions are very similar 
for the optimal configuration. The presence of the small strips perturbs the flat SPP mode 
mainly for frequencies lower than ω < 2.3∙1015 Hz.     
In Fig. 2.3-9 we report the electric field norm distributions of the configuration marked with 
circles in Fig. 2.3-6 and 7. Fig. 2.3-9(a) corresponds to the empty circle, which is taken at the 
optimal period at the frequency corresponding to a maximum dissipation in the strips (ω = 
2.32∙1015 Hz, λ = 812 nm). Fig. 2.3-9(b) corresponds to the filled circle in the maps, which is 
taken along the the m=1 back-SPP coupling region (ω = 2.63∙1015 Hz, λ = 716 nm). In the 
former case, the field is mostly confined close to the metal strip and is actually similar to the 
field reported in Fig. 2.3-5(b), (c) for the case of isolated strips. In Fig. 2.3-9(b), instead, a clear 
SPP field pattern at back electrode is visible. The field distributions are therefore coherent with 
the interpretation of resonances given above. 
Looking at Fig. 2.3-6, it has to be noticed that the peak of absorption enhancement in the 
optimal configuration at λ =780 nm (marked with a cross) lies between the single strip and the 
back-SPP resonances. We conclude that, actually, the overall enhancement in that spectral 
region is due to a combination of the two resonances. This is supported also by the field maps in 
Fig. 2.3-9. Both of them show an enhanced concentration of the electric field in correspondence 
of the active layers. 
 
Fig. 2.3-9. Electric field norm for configurations marked with an empty circle (a) and with a filled circle (b) in Fig. 
2.3-6 and 7 and corresponding respectively to the single strip resonance and to the SPP at back electrode coupling. 
Frequencies are respectively ω = 2.32∙1015 Hz and 2.63∙1015 Hz. Geometrical parameters are those of the optimal 
configuration. Colorscale is normalized to the impinging wave electric field norm. 
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  The enhancement region in the IR part of the spectrum, instead, is mainly related to the 
single strip resonance. As discussed in Section 2.3.4 and 2.3.5, the SR-SPP mode with 
decreasing frequency gradually turns into a metal-dielectric-metal plasmonic mode, and its 
electric field overlaps the active layers to a greater extent. This determines the progressive 
increase in the absorption enhancement with decreasing frequency along the single strip 
resonance, which is clearly seen in Fig. 2.3-6. Furthermore, in the IR range the resonance is 
quite blunt, as can also be seen from the strip-width extension of the feature in the single strip 
absorption map of Fig. 2.3-5(a). For this reason the effect of the single strip resonance is evident 
in the organic layer absorption spectrum even for strip dimension far from the resonant value.      
The TE part of the spectrum, as can be expected from a 1D geometry, contributes to a much 
lesser extent to the enhancement of absorption within this ultra-thin cell, since it cannot couple 
to SPP modes [2]. In Fig. 2.3.10(a) the TE absorption enhancement within the organic layers is 
reported as a function of G and ω. As can be noticed, the enhancement region found in Section 
2.3.3 shows almost no dependence on the period and therefore it is not related to any coupling 
to TE guided modes of the structure. The strips simply act as non-resonant scatterers of the 
impinging light, incrementing to a little extent the optical path length. This can be seen looking 
at the scattered field norm reported in Fig. 2.3-10(b) (its configuration is marked with a square 
in the map). The further sharp enhancement regions in Fig. 2.3-10(a) follow the Wood-
Rayleigh’s anomalies up to frequencies of about 3.5∙1015 Hz (λ ~ 540 nm). At higher 
frequencies the TE0 waveguide modes in the ITO slab become excitable. Their dispersion is 
shown in Fig. 2.3-10(a) with black lines.  
 
 
Fig. 2.3-10. (a) TE absorption enhancement within the organic layers as a function of G=2π/d and ω; white dashed 
lines and black lines are Wood’s anomalies and ITO TE0 waveguide modes respectively; the black dashed line marks 
the optimal grating period; (b) scattered field norm in the configuration marked with a square in the map. 
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2.3.7 Conclusions 
Summarizing this second part of the chapter, we investigated the integration of a thin 1D silver 
plasmonic grating within a realistic heterostructure organic solar cell. A global optimization of 
the geometry of the structure has been performed. The obtained throughput enhancement 
(+11.8%) has been demonstrated to be largely correlated to the two main plasmonic resonances 
of the layout for TM polarization, propagating and localized surface plasmon resonances. As a 
matter of fact, in different frequency ranges, the silver nanostrips constituting the grating are 
able to couple impinging light to the SPP modes propagating at the back contact surface and 
behave like single resonant nano-antennas. A contribution of lower importance to the increased 
device absorption comes from the nanostructures non-resonant scattering of radiation for TE 
polarization. The combination of these effects leads to a broad-band enhancement extending 
from 480 nm to beyond 1100 nm. 
 
 
 
  
79 
 
 
  
80 
 
Chapter 3 - Plasmon nanofocusing by metal coated dielectric 
wedges 
 
 
3.1 Introduction 
 
In recent years there was an increasing interest in theoretical, numerical, and experimental 
investigations of strongly localized surface plasmons in patterned metallic nanostructures [78]. 
In fact, a properly designed structure offers unique opportunities to make integrated optical 
devices with subwavelength localization of light [78]. An effective concentration of 
electromagnetic energy to the nano-scale is offered by several metallic structures such as 
nanorods [79], nanostrips [80], dielectric conical tips coated by a metal film [81], nanopyramids 
[82, 83] and metallic nanowedge [83, 84]. These structures can find important applications in all 
the fields where nano-scale resolution is essential, such as near field optical microscopy, 
electromagnetic probing of separate molecules and quantum dots, non-linear plasmonics, etc.  
The study of plasmonic subwavelength localization has introduced the concept of 
nanofocusing [9], i.e. the concentration of light into regions with dimensions significantly 
smaller than those allowed by the diffraction limit of light. As a matter of fact, nanofocusing of 
plasmons by means of nanotips is analogous to a spherical lens. In both cases the 
electromagnetic energy is focused into a small region localized in two dimensions. However, in 
the case of a spherical lens, this region cannot be smaller than half the wavelength of the 
focused radiation (the diffraction limit of light), while, for a metallic nanotip, the region of 
localization has the dimensions of the tip curvature radius, that can be as small as few 
nanometers, i.e. two orders of magnitude lower. 
Another difference with respect to the spherical lens is found in the way plasmons 
concentrate electromagnetic energy. It has been theoretically demonstrated [9] that axially 
symmetric SPPs propagating toward the tip of a long tapered metallic rod are slowed down, i.e. 
their phase and group velocities tend to zero, leading to huge EM field enhancements. This 
phenomenon, referred to as adiabatic nanofocusing, causes accumulation of energy and giant 
local fields at the tip. The term adiabatic refers to the absence of power losses involved in the 
phenomenon other than metal dissipation [9, 85]. In other words, most of the electromagnetic 
energy carried by the converging SPP waves is concentrated on the focusing site, where it is 
finally lost as heat in the metal. This strictly happens only in presence of very sharp metal tips 
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or wedges (apertures angles narrower than few degrees). In presence of larger aperture angles 
still a nanofocusing effect takes place, although weakened by SPP back reflections from the tip 
and radiative losses [86]. This case is commonly referred to as non-adiabatic nanofocusing.  
Among the different possible structures, we are interested in plasmonic field localization at 
the edge of a metal-coated dielectric wedge. Gramotnev and Vernon [84], in fact, demonstrated 
that nanofocusing takes place when SPPs propagate along the sides of a sharp metallic wedge 
toward the ridge. This has been recently studied by several authors [83, 86, 87].  As pointed out 
in the aforementioned work [84], one major issue in order to obtain the nanofocusing effect is 
proper excitation of the SPPs converging towards the tip. Sharp metal wedges show 
nanofocusing effects only when an even thin-film plasmonic mode is excited (i.e. electric field 
is specular symmetric with respect to the plane of symmetry of the structure) [84].  
In the work we present in this chapter, we propose an innovative optical design enabling 
both efficient coupling of light to SPPs and the correct in-phase matching of SPPs at the wedge 
edge. It consists of the combination of transparent metal-coated wedges with a dielectric step-
like phase shifter. The metal coated wedge structure allows at a time SPP efficient coupling due 
to refractive index contrast (Kretschmann-Raether method) and nanofocusing at the edge. The 
phase shifter placed on the back of the wedge, on the other hand, produces a π phase shift 
between SPPs on the two sides of the wedge. The overall plasmonic mode which is obtained 
close to the edge mimics the TM mode associated to the adiabatic compression of plasmons in a 
tapered metal nanowedge.  
Although the generation of TM modes from far field to near field in plasmonic tapered 
structures was already investigated [80, 81, 88], to the best of our knowledge no experimental 
verification of the nanofocusing effect has been provided using the optical layout we propose. 
Full field Finite Elements simulations allowed verifying the effectiveness of the design. 
Moreover it will be shown that, optimizing materials and geometrical parameters, a valuable 
field enhancement at the wedge edge can be obtained. This enhancement, although not 
comparable to that obtained with 3D focusing structures, demonstrates that the proposed scheme 
for coupling and phase matching can be effectively exploited for nanofocusing purposes.  
Beside efficient plasmonic modes excitation, other extremely important issues in realizing 
effective nanofocusing structures are metal surface quality and tip sharpness of the fabricated 
nanostructures. In fact, as previously reported [83], surface plasmons are very sensitive to 
surface inhomogeneities, which can cause enhanced metal losses, scattering, and limited 
propagation. The choice of a fabrication process ensuring very sharp features, in particular very 
low tips radii, is therefore of fundamental importance in order to achieve large field 
enhancements [85, 89]. A fabrication strategy leading to very smooth surfaces and sharp edges 
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has been proposed and used by Napgal et al. [83] and Boltasseva et al. [87]. In these papers the 
template stripping process not only allows to replicate wedge shaped structures with high 
surface and edge quality, but it also results in a very efficient process to prepare many other 
metallic nanostructures. Taking advantage of these ideas, we report a fabrication process that by 
means of a single replica realizes the desired optical design of sharp metal-coated dielectric 
wedge. Template stripping based on replica in transparent polymer, coupled with metal 
evaporation, allowed us to obtain few nanometers curvature radii at the wedge ridge. The 
transparency of the substrate enables illumination of the wedge from the high-refractive index 
dielectric side and therefore effective coupling to SPP modes.  
The proposed layout is much simpler to fabricate than axially symmetric configurations 
proposed in literature. These structures theoretically provide higher field enhancements (up to 
factors 1000), but their performance crucially depends on the curvature radius at the tip [85, 89], 
which is very difficult to control in fabrication. Moreover, the efficiency of coupling of 
impinging light to the axially symmetric SPPs propagating along the tip is generally low, thus 
affecting the overall field enhancement with respect to the impinging light field. 
The experimental verification of the nanofocusing effects in the fabricated device layout is 
obtained by means of both Near-field Scanning Optical Microscopy (NSOM) and Raman 
spectroscopy measurements. The resulting near-field intensity images are interpreted by means 
of FEM optical simulations, and provide evidence that the focusing effect actually takes place.  
 
 
3.2 Nanofocusing in metal wedges 
 
Nanofocusing in tapered plasmonic waveguides has been extensively investigated by 
Gramotnev et al. [84], and Stockman [9, 90] in the adiabatic hypothesis (also called geometrical 
optics, eikonal or Wentzel-Kramers-Brillouin approximation). Such hypothesis is matched when 
SPPs propagate along a graded waveguide along which parameters slowly (adiabatically) 
change, in such a way that the phase velocity of these SPPs tends to zero in the vicinity of some 
point at a finite distance. If x is the propagation direction of SPPs and p(x) is the parameters set 
varying along the waveguide, the condition can be expressed as 
 1dk [ ( )] / dx 1SPPx p x
  (3.1) 
being kSPPx the projection of the real part of the SPP propagation constant along the propagation 
direction. In metal wedges and tips the parameter p is the cross section size (wedge thickness or 
tip conical tip radius). The quantity δ is called adiabatic parameter. It is further required that the 
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excited SPP mode exist without a cut-off in the entire range of these parameters, including the 
stopping point.  
If (3.1) is valid, then the nanofocusing phenomenology can be simply described in terms of 
the SPP modes of the straight structure (SPPs along a IMI waveguide, see Chapter 1, or along 
an infinitely extended metallic rod). The propagation constant and the mode field profile slowly 
change as a function of the distance from the tip (i.e. the cross section size). Then, the adiabatic 
theorem predicts that the wave will propagate without back-reflection and scattering into three 
dimensions to the stopping point, where it is converted into a quasi-electrostatic surface 
plasmon.  
In case of plasmonic waveguides whose cross size, t, is gradually reduced, arguments of 
general validity can be applied which lead to a general scaling law of the SPP field amplitude as 
a function of the distance from the tip [90]. This scaling hypothesis is reasonable whenever the 
SPP wavelength is much shorter than the vacuum wavelength. The SPP propagation constant 
will then be inversely proportional to t, while the SPP group velocity, vg, will be directly 
proportional,  
 a
SPP g
k
k v t
t
   (3.2) 
 
where, t is the transverse waveguide size, and ka is a complex quantity. In these conditions it can 
be shown [90] that the SPP electric field E scales as  
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where d is the waveguide dimensionality (1 for a tapered metal wedge, 2 for a rod) and t’ =  
∂t/∂x. In case of a thin linearly graded metal layer embedded within a uniform dielectric 
environment, it results 
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With εm and εd the relative permittivities of metal and dielectric. It is to be noticed that equation 
(3.3) describes a diverging field for t → 0 only if 
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For a wedge or cone this imposes a constrain to the minimal aperture angle, θ, 
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 (3.6) 
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The physical meaning of this limit resides in the fact that SPPs should be focused sufficiently 
fast to allow the nanofocusing field enhancement to exceed the SPPs losses in metal. On the 
other hand the adiabatic hypothesis (3.1) places an upper limit to θ, since  
 
1( ) tan( )
1.SPPx
a a
td k
dx k k


 
    (3.7) 
Actually numerical simulations [91] revealed that the latter condition is too restrictive, and 
the adiabatic theory works also for relatively large angles such that tan(θ)/ka ≤ 1. Conditions 
(3.6) and (3.7) are both satisfied for a wide range of angles in the VIS-NIR part of the spectrum, 
for frequency below the inter-band transitions in the metal (silver or gold). For instance, for a 
silver film in vacuum at λ = 633nm, θmin ~ 1°, while one can reasonably assume that a value 
acceptable from the requirement of adiabaticity is θ ≤ 20° [90]. 
While this approximate analysis is straightforward, physically intuitive, and yields important 
conclusions about plasmon nanofocusing, the condition of adiabaticity of nanofocusing is not 
actually a strict requirement in order to obtain an effective nanofocusing structure [92]. 
Moreover, small taper angles are difficult to fabricate, and they result in relatively long 
structures/devices. This has the inconvenient of leading to significant dissipative losses in the 
metal structure. As was pointed out [92], increasing taper angle for a fixed initial waveguide 
cross section on one hand decreases the distances SPPs travel along the taper during 
nanofocusing reducing dissipative losses, on the other hand, in many structures, means a wider 
power collection to SPP modes and a therefore a more efficient power delivery to the tip. As a 
matter of fact, numerical studies demonstrated that in case of tapered rods, the taper angles 
maximizing the field enhancement lie in the range 30-40° [91].   
In such structures the adiabatic approximation is a suitable description of the focusing 
phenomenon only in regions far from the tip. In these regions the plasmon wave number does 
not vary significantly with reducing the waveguide cross size, since this is much bigger than the 
SPP decay length in metal and SPPs on opposite sides of the waveguide do not feel each other 
[91]. The SPP focusing resembles that one of a dielectric lens. In proximity of the tip, instead, 
where SPPs interact across the metal, the adiabatic theory fails, since condition (3.1) is not 
satisfied. As a result, relevant radiative losses are involved as well as SPP back scattering from 
the tip.  
This is particularly true when a realistic tapered structure with a non-zero curvature radius at 
the tip is considered [91]. This is completely neglected in the adiabatic theory. In this case, in 
proximity of the tip the local thickness of the structure suddenly varies and the adiabatic 
condition is definitely not matched, even for small taper angles.    
85 
 
In order to illustrate the concepts expressed so far, we consider the silver metal wedge in 
vacuum environment depicted in Fig. 3.2-1. We initially assume a zero curvature radius at the 
tip. Such a structure can be thought of as a flat symmetric insulator-metal-insulator (IMI) 
structure whose thickness progressively decreases with increasing y coordinate. The two SPP 
eigenmodes of the flat structure were described in Chapter 1. They are commonly denoted as 
Long Range SPP (LR-SPP) and Short Range SPP (SR-SPP) and correspond respectively to a 
symmetric and antisymmetric magnetic field distributions with respect to the symmetry plane of 
the structure. The dispersion relation for the L(S)R-SPP mode is given by (1.10). We assume 
here that a SR-SPP is excited and propagates towards the tip.  
 
 
(a) 
 
(b) 
Fig. 3.2-1. FEM simulations of a SR-SPP mode propagating towards the edge of a sharp (aperture θ=2°) silver 
wedge. (a) case of zero curvature radius (rc), (b) case of rc = 1 nm. The SR-SPP mode with frequency ω = 2.97·10
15 
Hz (vacuum wavelength 633 nm) is launched towards the tip from the boundaries on the right.  
 
The adiabatic approximation assumes that the dispersion of the SPP modes propagating 
toward the tip is locally the same of the flat IMI structure, with thickness t of the film given by 
the local cross section thickness of the wedge. A plot of NSPP = kSR-SPP /k0 as a function of the 
local wedge thickness is reported in Fig. 3.2-2(a). As a result of the adiabatic focusing the SPP 
refractive index progressively increases with decreasing the local wedge thickness and the 
plasmon is slowed down until it nearly stops at the wedge tip. This is verified by the FEM 
simulation reported in Fig. 3.2-1(a), a huge field enhancement is observed at the tip which 
agrees with predictions from adiabatic theory. 
As can be seen in the |E| map of Fig. 3.2-1(a), the field distribution along the wedge presents 
no interference patterns, showing that all the incoming SPP power is dissipated in the metal 
layer without back reflections. This situation is exactly that one described by the adiabatic 
theory.  
  In Fig. 3.2-1(b) we report the field obtained assuming a tiny but non-zero curvature radius 
(rc = 1 nm). As is seen, even this unrealistically small radius is big enough to cause the presence 
of SPP reflections from the tip (~18% of impinging power), indicating that the adiabaticity 
requirement is not perfectly satisfied, in proximity of the tip. A comparison between theory and 
simulations, however, reveals a good agreement (Fig. 3.2-2(b)). As can be seen the field slightly 
decreases in average before the huge enhancement close to the wedge tip. This is clearly due to 
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SPP dissipation, which plays the main role in the region of the wedge where SPPs at the two 
metal dielectric interfaces travel uncoupled, owing to the high metal thickness. The 
nanofocusing effect starts to take place when the metal thickness is of the order of the SPP 
decay length in metal.   
 
 
(a) 
 
(b) 
Fig. 3.2-2 (a) Real and imaginary parts of SR-SPP mode index as a function of distance (x) from the tip, located at 
x=0. (b) Comparison between FEM calculated |E| field enhancement (blue) and adiabatic theory (red). The green line 
is the field amplitude of the SR-SPP mode subject to dissipation losses only. The simulated wedge structure is the 
same as in Fig. 3.2-1. 
 
Increasing the wedge aperture and the curvature radius leads definitely out of the adiabatic 
regime, and radiative and SPP back-reflection losses become relevant. These quantities, together 
with field enhancement at the tip and metal losses, are plotted in Fig. 3.2-3 as a function of taper 
angle for different tip curvature radii.  
As can be expected, the best nanofocusing performances are found in the limit of zero 
curvature radius and very low taper angles. In these conditions, little increases of taper angle 
and curvature radius dramatically affects the nanofocusing performance. However, it is 
interesting to note that for reasonable experimentally achievable curvature radii (> 5nm) the 
field enhancement depends by a much lower extent upon aperture angles. On the other hand for 
a fixed reasonable wedge aperture (>5°) the curvature radius still significantly affects the field 
enhancement and actually it turns out to be the most relevant parameter that determines the 
nanofocusing performances. 
The decrease of nanofocusing efficiency with increasing curvature radius and aperture angle 
is evident also from metal losses (Fig. 3.2-3(b)), which quickly drop. As is seen, power is 
transferred mainly to radiation from the tip (Fig. 3.2-3(c)), while SPP back reflections are 
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relevant only for small taper angles (Fig. 3.2-3(d)) and small curvature radii, since in this limit 
the wedge termination resembles a truncated flat metal film.     
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 3.2-3. FEM-calculated field enhancement at the tip (a), metal absorptance (b), radiative losses (c), SPP back-
scattered power (d) as a function of taper angle, for different curvatures radii at the tip. The metal considered is silver 
[23], the SPP wave has frequency ω = 2.97·1015 Hz (vacuum wavelength 633 nm). 
 
The above simulations results lead us to consider the wedge nanostructures presented in what 
follows. Despite the high aperture angle, the proposed structure can be fabricated with 
extremely low curvature radii, allowing to reach valuable nanofocusing effects.   
 
 
3.3 Proposed device layouts and simulations 
 
A number of experimental setups may be adopted in order to verify the nanofocusing properties 
of wedge plasmonic structures [93, 94, 95]. We present here a device setup which resembles the 
well-known Kretschman-Raether [1, 81] SPPs generation scheme. We consider first the layout 
sketched in Fig. 3.3-1(a). Transparent dielectric wedges are coated with a thin metallic film. Air 
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is supposed to be present in the other half-space. TM polarized light with proper frequency 
impinges normally onto the basis of the wedge from the transparent dielectric side. This may 
excite thin-film plasmons polaritons on the metal-air interfaces of the film on the wedges, in a 
similar way as in the Kretschmann-Raether SPP coupling scheme. The electric fields of the 
SPPs generated on each side of the wedge in this configuration are π-out-of-phase and are thus 
expected to undergo disruptive interference when they reach the wedge tip.   
 
 
Fig. 3.3-1. FEM models layouts of the simulated metal coated dielectric nanowedge structures. Configuration without 
(a) and with (b) phase shifter. TM polarized plane waves impinges normally onto the structures from the top wedge 
aperture is 70.4° as reported in the text. 
 
In order to obtain in-phase SPPs at the wedge edge, the condition of illumination must be 
changed. The wedge, in fact, must be illuminated with π-out-of-phase light on one side with 
respect to the other side. This can be obtained with the setup shown in Fig. 3.3-1(b). 
Immediately before the metal coated wedge, a step-like dielectric phase shifter is introduced, 
whose  height, t, is given by 
 1 2
2
t n n



   (3.8) 
being λ the impinging wave vacuum wavelength, n1 and n2 are the refractive indexes of the 
lower and upper media, respectively. With this configuration SPPs generated on each side of the 
wedge approach the edge in phase and are thus expected to constructively interfere. As reported 
by several authors [9, 84], the field enhancement expected in this case is much higher than that 
obtained by the trivial sum of two SPP waves, because of the nanofocusing effect.  
In order to verify the plasmonic effects outlined above and to properly design the structure to 
maximize the field enhancement at the tip, we simulated the full electromagnetic fields by 
means of the Finite Elements Method. The FEM models layouts are reported in Fig. 3.3-1(a) 
and 3.3-1(b). Since the structure is inherently invariant along the out-of-plane dimension, 2D 
simulations were performed. A port excitation is set at the upper boundary, providing a unit 
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power of incident light. Perfectly Matched Layers are placed all around the model in order to 
properly absorb light scattered from the structure. Model discretization is performed by means 
of the COMSOL automatic meshing tool. In particular, different mesh sizes were used in 
different parts of the model in order to maximize resolution in the regions of steepest variations 
of the fields, keeping at the same time reasonable the computational costs. Triangular mesh 
elements were used with maximum element sizes of 20 nm in the dielectric regions far from the 
wedge edge. Since high field gradients are expected at the wedge edge we set here a 
progressively finer mesh, down to 0.5 nm minimum element size. This mesh resolution turned 
out to be sufficient both to resolve the field gradients and to provide a fully converged solution 
(as reported in Fig. 3.3-2(a)).  
 
 
(a) 
 
(b) 
 
(c) 
Fig. 3.3-2. (a) intensity field enhancement as a function of mesh element size at the wedge edge, inset: plot of the 
mesh finally used; (b) Reflectance map of a thin silver film between NOA61 and air half spaces, illuminated from the 
NOA61 side at an impinging angle of 54.8° as a function of impinging wavelength and silver thickness. (c) Field 
intensity enhancement at the wedge tip as a function of phase shifter step thickness.   
 
The first issue we dealt with in designing the structure was finding the optimal combination 
of materials, metal thickness and incident wave vacuum wavelength in order to maximize the 
SPP coupling for a given wedge aperture. As will be discussed in the next section, wedge 
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aperture is fixed to 70.4° by the chosen fabrication technique. This aperture angle limits the 
efficiency achievable with this structure [11], but leads to important smoothness in the final 
fabricated samples. The dielectric material constituting the wedge is also fixed by experimental 
issues (NOA61), having a refractive index of ~1.58 at visible wavelengths. The upper material 
was then chosen to have a much higher refractive index, in order to obtain the desired phase 
shift within relatively small thicknesses, according to equation (3.8). Lead Zirconate Titanate 
(PZT) was chosen, having a refractive index of ~2.4 in the spectral range of interest. For the 
metal coating, gold and silver were considered.  
 
 
Fig. 3.3-3. (a), (b) Full field simulated x component in the presence and absence of the phase shifter. Insets: zooms on 
the wedges edge; (c), (d) Field intensity maps. The fields are normalized to the amplitude of the impinging wave in 
vacuum. Note that in (d) the maximum field value is well above the maximum colorscale value. Geometrical 
parameters of the structure are the following: wedge height: 1.4μm, metal thickness on the wedge sides: 33nm, phase 
shifter thickness: 238.6nm, curvature radius at the wedge edge: 5nm. TM polarized light with vacuum wavelength λ = 
390nm impinges normally on the structures from above. 
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We thus investigated SPP coupling efficiencies of TM-polarized monochromatic plane 
waves, impinging at an angle of 54.8° onto different PZT-NOA61-metal-air interfaces. It has 
been demonstrated [92], and was shown in previous Section, that the curvature radius at the 
wedge edge crucially influences the extent of EM field focusing. As will be discussed in next 
section, the adopted nanofabrication technique allows obtaining a very small curvature radius, 
which in our case is about 5 nm. For this reason, the tip curvature radius was kept fixed as a 
result of the constraints imposed by the fabrication process. On the contrary, wedge dimensions, 
metal coating material and thickness and illumination wavelength have been set as varying 
parameters in order to maximize field enhancement at the wedge edge. High efficiencies were 
found in the UV part of the spectrum, while proper metal thicknesses were found to be around 
30 nm.  
In Fig. 3.3-3 we report the simulation results of the optimal layout in absence (Fig. 3.3-3(a) 
and 3.3-3(c)) and presence (Fig. 3.3-3(b) and 3.3-3(d)) of phase shifter. Optimum geometrical 
and physical parameter values are reported in the figure caption. Silver turned out to give the 
best performance due to its lower dissipation rate at UV-VIS wavelengths. Surface plasmon 
dynamics is well visualized looking at the components of the Electric field in the two 
configurations, with and without the phase shifter, respectively Fig. 3.3-3(a) and 3.3-3(b). As 
can be seen, light coupling to SPP modes takes place at both sides of the NOA61-silver 
interface, with low reflections. In absence of the phase shifter, SPPs reaching the wedge edge 
have opposite Ey fields and parallel Ex fields. SPPs destructively interfere at the tip and power is 
therefore coupled to propagating waves in the air domain. On the other hand, in the presence of 
the phase shifter, SPPs constructively interfere in a very small metal region very close to the 
edge (see Fig. 3.3-3(b), insets). As can be seen in Fig. 3.3-3(d) a remarkably high intensity 
enhancement at the wedge edge is predicted in the latter case, with a maximum enhancement 
factor around 150 (note that the maximum intensity value lies well outside the color scale range, 
see also the inset plot). On the contrary, no enhancement at the wedge’s tip is found in absence 
of phase shifter, as expected.   
 
 
3.4 Fabrication 
 
The fabrication of wedges array requires few steps of process: Focused Ion Beam (FIB) 
lithography; wet etching; material evaporation and replica molding (a schematic view of the 
flow chart is reported in Fig. 3.4-1). A SiO2 layer of approximately 500nm has been thermally 
grown on Si <100> in a hot furnace. This oxide layer has been patterned by FIB lithography by 
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means of a FEI nova 600i dual beam. An array of rectangles (500nm deep, 3µm wide) over an 
area of 640µm x 640µm has been fabricated with a single exposure. After the exposure, an 
anisotropic KOH wet etching has been performed to obtain V-grooves defined by crystalline Si 
(111) atomic planes thus obtaining the negative of the desired structure. The KOH etching along 
the (111) planes fixes the wedge aperture angle at 70.4°. As reported above, the optimal 
configuration comprises 33nm of silver deposited onto the wedge. With these parameters, the 
best focusing performance occurs at a wavelength of 390nm. Unfortunately, we are not 
equipped for near-field optical characterizations at this wavelength. Nevertheless, the 
experimental verification of the nanofocusing effect can be carried out also at higher 
wavelengths, even if a lower intensity enhancement is expected. We therefore used a standard 
514 nm laser light. This is easily available by common argon gas lasers which can be fiber-
coupled to our microscopic systems. Moreover, gold was used instead of silver, since at 514nm 
it turned out to provide better coupling and it is not affected by oxidation. The intensity 
enhancement expected in our case is a factor 7.4. In order to decrease the adhesion of Au on Si, 
the patterned grooves were previously oxidised in air for 5 hours at 1000 °C. Hence, the e-beam 
evaporation of 33nm Au was performed on the SiO2 layer. The metallized grooves array was 
then used as a master for replication into NOA61 (transparent thiolene optical adhesive from 
Norland Optical Adhesives) by UV curing to obtain negative copies, i.e. wedges.   
 
 
Fig. 3.4-1. Scheme of the fabrication process. 
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As illustrated above, a digital grating placed at the bottom of the wedge ensures the required 
phase shift between the two halves of the wedge (see Eq.(3.8)). The phase shifter has been 
realized by mean of FIB lithography on a ITO/glass substrate where a commercial PZT52/48 
sol-gel solution (Inostek) layer with n=2.4 (@514nm) was previously spin coated at 3600 rpm 
and annealed at 300°C for 30 min. After repeating the spin-coating and baking process 4 times 
the samples are annealed in a muffle furnace at 450 °C yielding a PZT film thickness of ca. 400 
nm. The NOA61 refractive index can be taken to be 1.58 in the VIS spectrum. Therefore the 
correct thickness of the phase shifter turns out to be 313nm. Integration of FIB patterned phase 
shifter grating with the grooves pattern was obtained by pressing a drop of NOA61 between the 
metallized Si master and the phase-shifter substrate, then aligning the two patterns under an 
optical microscope and compressing the stack in a manual hydraulic press at ca. 100 bar. After 
10 minutes of compression UV curing is performed by illuminating the sample - still under 
pressure - through a transparent thick glass plate that acts as a top compression plate. The 
compression process is necessary to maintain a small (< 500 nm) distance between the wedge 
base and the phase shifter pattern. UV curing was performed using a 100 Watt UV flood lamp 
(SB100P spectroline) optimized for 365 nm wavelength. With the NOA replica a stripping 
effect removes Au from the oxidised Si mold and covers the NOA wedges. This process allows 
to obtain wedge tip with radius of curvature below 5 nm.  
 
 
Fig. 3.4-2. (a) Optical Microscope image of a prepared sample  (b) SEM micrographs of the replicated nanowedge 
sample. (the inset reports a detail of the wedge’s tip). 
 
In Fig. 3.4-2 optical (a) and SEM (b) images of the prepared wedges array are reported. In 
particular, the inset in Fig. 3.4-2(b) reports details of the obtained tip radius. It is worth to notice 
that the phase shifter patterns were intentionally rotated by ca. 25 degrees with respect to the 
wedge array direction before compression, so that the correct conditions for phase shifting exist 
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only at the points where the wedge edges cross the phase shifter stripes (Fig. 3.4-2(a)). This 
approach allows to compare the behavior of the structure in optimal and non-optimal 
configuration. The correct in-phase condition, in fact, is obtained only at discrete points along 
the wedge, while elsewhere the effect is expected to be zero or modulated by the incorrect phase 
shifter position. 
 
 
3.5  Optical characterizations 
 
3.5.1 Near-field Scanning Optical Microscopy (NSOM).  
Experimental near-field analysis has been performed by means of Near-field Scanning Optical 
Microscopy (NSOM) [96] using a confocal Witec microscope equipped with a fibre-coupled 
150 mW Ar
+
 laser with a wavelength of 514 nm. The sample is illuminated from the back of the 
wedge structure with unpolarized or TM-polarized light. An apertured metal-coated NSOM tip 
was used to collect the spatial intensity profile of the near-field surrounding the wedges. Fig. 
3.5-1 reports NSOM maps of light intensity over an area 50µm x 50µm, showing the details on 
five wedges of the array. An intensity peak is observed at the wedges tip and a minimum of the 
intensity is present in correspondence with the phase shifter 
In order to better understand the experimental results, a FEM simulation of the interaction 
between the NSOM tip and the wedge structure has been performed (Fig. 3.5-2). A schematic 
NSOM tip was included in the simulation domain, beside the full wedge and phase shifter 
layout. The NSOM tip was modelled as an Al coated hollow pyramid with a 100 nm-sized 
central hole. All geometrical parameters of the wedge focusing structure were set to match the 
ones of the fabricated sample, in order to faithfully reproduce the results of the experimental 
characterization. Experimental gold dielectric constants were used, obtained from ellipsometric 
measurements. We calculated the fraction of light power transmitted from the tip into the 
hollow pyramid, which models the NSOM intensity signal sensed by the detector. In Fig. 3.5-2 
we report the out-of-plane magnetic field Hz for configurations with and without phase shifter. 
As can be seen directly from these field maps, no signal is transmitted when the phase shifter is 
present (Fig. 3.5-2(a)), while a non-zero signal is transmitted in its absence (Fig. 3.5-2(b)). In 
order to simulate a NSOM scan of the wedge edge the calculation was repeated for several y 
positions of the phase shifter with respect to the wedge symmetry axis. In particular the initial 
and final phase shifter positions are set sufficiently far from the wedge edge y position in order 
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to reproduce the optical configuration of Fig. 3.3-1(a) in which no phase shifter is seen above 
the wedge structure. 
 
Fig. 3.5-1. NSOM maps of the prepared sample comprising the digital grating phase shifter (highlighted by the 
dashed lines). TM polarized 514nm light was used. (a) unpolarized light impinging, (b) TM polarized light 
impinging. The darker spots correspond to the intersection between the wedges and the phase shifter steps, whose 
position are marked by the dashed lines. 
 
 
Fig. 3.5-2. Simulated transverse magnetic field (Hz) distribution in the presence of a NSOM probe. (a) Configuration 
with the phase shifter; (b) Configuration without the phase shifter. The geometrical parameters of the simulations 
match the ones of the best sample fabricated.   
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The calculated power transmitted into the hollow pyramid as a function of the position of the 
phase shifter is reported in Fig. 3.5-3(a) (green line), taking into account the 25° angle between 
wedges and phase shifter. A minimum NSOM intensity signal is predicted in presence of 
nanofocusing at the wedge edge.  
This is somewhat counterintuitive since it can be expected the NSOM signal to be sensitive 
to the near-field intensity and therefore being maximum in presence of strong nanofocusing at 
the wedge edge. However it is well known that the NSOM probe often perturbs the near field 
distributions and the NSOM intensity map is the result of sample-probe interactions which are 
strongly correlated to sample morphology. Moreover, this result is confirmed by data reported 
in literature for aperture-tip NSOM measurements [97]. In Fig. 3.5-3(a) we also report the 
experimental near field intensity measured along a wedge edge (blue line). As can be seen the 
measured intensity when the NSOM probe passes over a crossing between a wedge and the 
underlying phase shifter exhibits a dip, whose width is in good agreement with the simulation. 
From this data we can infer that the nanofocusing effect actually takes place at the wedge-phase 
shifter crossing, manifesting itself as a minimum of NSOM signal in correspondence of these 
points. For comparison we report in Fig. 3.5-3(b) the result of the same simulation performed 
with the optimal device layout described in Section 3.3 (Silver-coated wedge, 1.4μm high, see 
caption of Fig. 3.3-3). 
 
(a) 
 
(b) 
Fig. 3.5-3. (a) Comparison between experimental (blue) and simulated (green) NSOM signal along a wedge 
ridge. (b) Simulated NSOM signal along a wedge ridge at 390nm for the optimized structure.   
 
3.5.2 Raman spectroscopy 
In order to verify the field enhancement at the wedge tip, experimental analyses based on 
Raman/SERS (Surface Enhanced Raman Spectroscopy) spectroscopy have been performed. 
Exploiting the fact that the SERS signal is local, proportional to |E|
4
, and roughly independent 
of the field direction, we expect an enhanced signal in correspondence of the intersection 
between the wedge ridge and the digital grating below.  
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(a) 
 
(b) 
Fig. 3.5-4. (a) Comparison between the Raman spectra obtained from a functionalized (solid blue line) and a bare 
sample (dashed red line). (b) Raman map of a wedge. The intersection between the wedge and the digital phase 
shifter is highlighted and two maximum of intensity are observed in correspondence of the intersection. 
 
A wedge array sample has been functionalized with a self-assembled monolayer of 
dodecanethiol (C12H25SH) deposited on the gold surfaces at room temperature. Samples were 
pre-cleaned in a basic peroxide solution (5:1:1 double distilled H2O, 30% H2O2 and 25% 
NH4OH) for 10 minutes, rinsed in double distilled water and dried under N2 flux. The cleaned 
samples were immersed in a 4-mM solution of dodecanethiol in ethanol for about 48 hrs and 
therefore rinsed thoroughly with ethanol for at least 5 minutes, followed by drying under 
nitrogen stream. The spontaneous assembly of the molecules is known to form a densely packed 
and highly oriented structure on a metallic surface. The SERS spectrum from the functionalized 
sample was then measured by means of a confocal micro-Raman Witec instrument. The system 
is equipped with a 150 mW Ar
+
 laser, fiber coupled to the optical microscope and focused on 
the sample surface by a 100x objective. The emitted signal is analyzed by a single grating 
spectrometer coupled to an Andor DU401 CCD detector, enabling the acquisition of local 
micro-Raman spectra. The spatial resolution is about 0.5 x 0.5 µm laterally and 1 µm in depth. 
SERS maps can be obtained by integrating the Raman peak signal for each point of a defined 
grid.  
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A map along a wedge ridge was collected integrating the Raman peak of dodecanethiol at 
707cm
-1
 ( (C-S) [98]). Fig. 3.5-4(a) compares the acquired spectra of a functionalized (solid 
blue line) and a bare (dashed red line) sample. Fig. 3.5-4(b) reports the result of this 
measurement showing the intersection between the wedge and the phase shifter.   
As can be seen, two maxima are found as expected in correspondence of the crossing 
between wedge and underlying phase shifter. Actually, as can be seen, the measured Raman 
enhancement factor at the phase shifter-wedge crossings is rather small, around a factor 25. This 
reflects the non-ideality of the fabricated structure and is mainly due to the high losses in the 
gold layer. Nevertheless, the Raman measurement provides direct evidence of the nanofocusing 
phenomenon.  
 
3.6.  Conclusions 
 
A valuable nanofocusing effect takes place in a metal coated wedge configuration, provided that 
the correct phase shift illumination conditions are set and geometrical parameters are optimized. 
Gold coated NOA wedge arrays were fabricated by means of FIB and wet etching obtaining 
good control of the wedge size and radius of the tip of about 5nm. The correct phase modulation 
at the wedge profile was achieved with a single step of imprinting. Finite Elements simulations 
of metal coated wedges were carried out showing that these structures can effectively focus light 
at the nanoscale. The plasmonic nanofocusing effect was demonstrated by means of NSOM and 
Raman measurements showing the strong potentialities of this system for nano-optics purposes. 
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Chapter 4 – Optical design of a HEMT-based plasmonic 
biosensor 
 
 
4.1 Introduction 
 
Biosensors are generally defined as analytical devices that convert a biological response into a 
quantifiable and processable signal [99]. Biosensing technologies are of increasing importance 
for medical, biological and biotechnological applications and are attracting great attention, with 
interdisciplinary contributions and studies in the areas of physics, material science, chemistry, 
biology, medicine and engineering. 
Converting the biological information to an easily processed electronic signal is not easy due 
to the complexity of connecting an electronic device directly to a biological environment. In 
order to detect or determine the concentration of substances or other parameters of biological 
interest, a sensitive biological element characterized by specific bio-receptors recognizes the 
target molecule. As a result of the binding of target and receptor molecules, some kind of 
physical effect is often produced (electrochemical, optical, thermal …), which is finally detected 
by the system.   
In particular, in the panorama of optical sensors, noble metals (silver and gold) 
nanostructures have revealed a great application potentiality due to their particular plasmonic 
properties [100], which combine high field enhancements and localization at the surface with 
high sensitivity to dielectric environment. In particular, the presence of a particular chemical or 
biological analyte results in the modification of the intensity of plasmon absorption and 
emission, leading to an extreme sensitivity of this type of biosensors [100]. 
In this chapter we will present a novel optical biosensor architecture based on the idea of 
integrating a plasmonic nanostructure, designed to be highly sensitive to surface refractive index 
variations, within a GaAs/AlGaAs-based High Electron Mobility Transistor (HEMT) device 
[101, 102]. HEMT structures are well-known in semiconductors literature, and are mainly 
employed as transistors for high-frequency applications. The HEMT behavior under 
illumination has also been investigated in the past finding them very sensitive, particularly at 
low illumination intensities [103, 104]. 
The device has been realized completely from scratch in a collaboration between IOM-
TASC laboratories in Trieste, LaNN Laboratory in Padova and Padova University. Starting 
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from optical and electro-optical studies of both the plasmonic nanostructure and the 
semiconductor heterostructure, a final optimal electro-optical design was achieved, which has 
been finally fabricated. Characterization and test of the first prototypes are at the moment of 
writing this thesis still a work in progress.    
The part of this vast work that is reported in this chapter focuses on the optical design. In 
particular we present the studies of three possible candidates of plasmonic nanostructures, 
which were considered for their easy nanofabrication as well as for their interesting optical 
properties. Their optical resonances are analyzed from the point of view of maximizing their 
sensitivity to refractive index variations of the adjacent dielectric environment, taking into 
account the electro-optical properties of the underlying HEMT structure. In particular, the 
proposed detection scheme is based on the intensity variation of monochromatic light 
transmitted down to the HEMT structure after interaction with the plasmonic nanostructure, 
placed on the surface.  
This sensor scheme leads to a number of advantages with respect to more common SPR 
measurement schemes approaches [25]. Apart from the possibility of achieving a better 
optimization having under control all the design and fabrication steps of the detector, the final 
device results an extremely compact object with a much more simple measurement procedure. 
In fact while typical SPR biosensors require performing angular measurements of reflectance, 
here a single voltage or current measure is sufficient.  
The high sensitivity at low light intensities of HEMTs as photodetectors has a twofold 
advantage. On one hand, as it will be seen, the highest sensitivity plasmonic configurations 
often correspond to low absolute transmittances, and consequently HEMT photodetector are 
particularly suited. On the other hand, a low light irradiance (W/cm
-2
) can be used to extract the 
information. This can be advantageous in removing problems connected to the heating of the 
biological materials by light and convenient in order to irradiate large area of a device 
containing many independent HEMTs.  
In addition, a key advantage of the proposed scheme with respect to more common intensity-
based detection approaches is scalability. In more common photodiode-based structures, the 
extracted signal depends on the area of the active surface, limiting the possibilities of 
miniaturizing the device. In our case, instead, the detector performance is almost independent on 
its dimension. Light acts as an optical gate and the extracted signal can be controlled with and 
external driving voltage. Smaller detector active areas mean a smaller reagent quantity required 
to perform the measurement, an aspect of fundamental importance for biological applications. 
A final reason for being interested in HEMTs, although not directly related with the present 
work, is their potential application as the basic elements for the integration of a plasmonic 
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optical gate in microelectronics and information technology, exploiting plasmons capability to 
support much higher frequencies than conventional elements. 
 
 
4.2 HEMT basics 
 
As already mentioned, the chosen detector is based on the typical HEMT structure. HEMTs are 
a form of field effect transistors in which the channel between the source and the drain is a two 
dimensional electron gas (2DEG) formed at the interface between two semiconductor materials 
with different band gaps (heterojunction) [101, 102]. 
The device we will consider involves one of the most studied heterojunctions for the 
HEMTs, i. e. the AlGaAs/GaAs. Starting from a substrate the growing sequence is given by: an 
intrinsic GaAs layer, an undoped AlGaAs layer (spacer), a silicon n-doped AlGaAs layer, an 
undoped AlGaAs layer and GaAs capping layer (in the sketch shown in Fig. 4.2-1(a) the 
capping layer is n+-doped and used for the ohmic contacts) [105]. Above this HEMT structure 
is placed a gold plasmonic nanostructure, whose details are given in next sections. 
 
 
(a) 
 
(b) 
Fig. 4.2-1. (a) Scheme of the HEMT-based plasmonic biosensor; (b) Scheme of the band structure bending at the 
AlGaAs/GaAs interface. 
 
The conduction band diagram in the direction of growth below the gate at room temperature 
is shown in Fig. 4.2-1(a). as well. It can be calculated by numerically solving self-consistently 
the Poisson and the Schroedinger equations [106]. The wide-bangap AlGaAs semiconductor is 
partially doped with silicon and carriers are trasferred to the undoped narrow-bandgap GaAs 
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semiconductor. The result of this modulation doping is that the carriers in the undoped 
heterointerface are spatially separated from the doped region and have much higher mobilities 
than bulk-doped materials as there is no scattering with doping impurities. At the 
heterointerface a triangular quantum well is formed (Fig. 4.2-1(b)), the electrons are tightly 
confined in one direction in a thin layer some tens of nanometer thick, showing quantum 
properties (quantized energy levels, quantum hall Effect).  
In typical HEMTs, used as transistors, the 2DEG sheet charge in the channel is modulated by 
applying the appropriate bias voltage to the gate (which would replace the Au layer in Fig. 4.2-
1(a)) that, pushing the quantum well near or far from the Fermi Level, causes a large 
modification of the electron population and thus controls the conductivity of the device. 
The consequence of the working principle of HEMTs is that these devices exhibit high gain 
and low noise combined with the ability to operate at very high microwave frequency (up to 
several tens of GHz) and thus are used in a wide range of high speed applications. 
The influence of illumination on HEMTs has actually been investigated, finding various 
effects about their amplifying characteristics [103, 104, 107]. Since 80's there has been a 
growing interest in this research field motivated by the possibility to integrate light detection 
and signal amplification in a single device.  
When the HEMT is used as photodetector (also called phototransistor), the gate constituted 
by the plasmonic grating is floating, and the electronic population of the 2DEG is modulated by 
light transmitted through the metal layer down to the substrate. We notice that, in order to let a 
relevant fraction of the transmitted light reach the lower AlGaAs/GaAs interface, the band gap 
of AlGaAs must be wide enough. Its width can be controlled tuning the aluminum 
concentration. Now, the band gap of GaAs is 1.42 eV corresponding to a cut-off wavelength of 
873nm. Taking into account the availability of red LEDs and lasers and that the best 
performances for biosensing applications are in the visible range, an working wavelength of 
about 630nm (1.96 eV) was chosen for the present device. Then it turns out that a concentration 
χ = 42% of Aluminum is necessary to increase the band-gap of AlGaAs up to about 2 eV [108]. 
In these conditions, the output signal, i.e. the voltage drop between source and drain, which 
is proportional to the 2DEG conductivity, is correlated to the transmitted light, which in turn is 
strongly correlated to the environmental refractive index above the metal surface, owing to 
plasmonic effects. The dependence of the 2DEG conductivity on the transmitted light intensity 
is, however, far from being trivial. The photodetection capabilities were investigated both 
theoretically and experimentally [103, 104, 107]. HEMTs were found experimentally to have 
high optical gain in particular at low illumination intensity, with a logarithmic optical response. 
Different models have been proposed to explain these behaviors, even though the phenomena 
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has been never fully understood theoretically end the empirical data reproduced. The 
phenomena involved in the optical response are several and all of them should be properly 
considered in order to reasonably account for the observed behavior.  
According to a model proposed by Romero et al. [104], photogenerated electrons and holes, 
which get collected respectively at the heterojunction interface and at the substrate interface, 
create a positive voltage across the GaAs forming a capacitor. This opposes the drift of the 
charges due to the space charge region at the GaAs/AlGaAs interface. The superimposed 
positive voltage in the GaAs layer is identified with a shift of the quasi-Fermi level and it is 
considered to be equivalent to a change in the gate-to-source bias voltage. With this 
assumptions and a very simplified model, the non-linear logarithmic optical response is 
reproduced at high optical power, while at low illumination intensity a linear response is found, 
with an high optical gain. Thus this model reproduces qualitatively the optical properties of 
HEMTs. However it is unable to predict accurately quantitative results. In general, it is expected 
that all the following processes will contribute to the detector performances [105]: 
 the charge separation in the active zone due to the built in field; 
 the weakening of the field due to the separated charges; 
 the processes removing charges such as direct p-n recombination or current 
dispersion towards the surface or the bulk. 
Results for the conductivity of different fabricated HEMT samples without plasmonic 
nanostructures are reported in Fig. 4.2-2 [109]. These were obtained using Hall bars 
configurations. Some more details are reported in the experimental Section 4.4.  
 
  
Fig. 4.2-2. Measured conductivity of the 2DEG as a function of light irradiance. Data refers to HEMT samples 
without plasmonic gratings [109]. 
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As is seen a clear logarithmic dependence of the conductivity on irradiance is found. Solid lines 
in Fig. 4.2-2 are fits of the experimental data with the following function 
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 (4.1) 
being E0 ~ 10
-5
 Wcm
-1
 a threshold irradiance, and the last equality being valid for E >> E0. The 
fit parameters turn out to be A ≈ 1·10-5 Ω-1 and σ0 ≈ 1.5·10
-5
 Ω-1 [109]. 
We do not go into further details about the electro-optical behavior of HEMTs. For our 
purposes, according to experimental data, we will assume the logarithmic dependence (4.1) of 
conductivity on the light power transmitted through the plasmonic nanostructure down to the 
semiconductor layers.   
 
 
4.3 Plasmonic nanostructures for integration in a HEMT-based photodetector  
 
4.3.1 Introduction 
The detection of a target molecule by a plasmonic sensor is performed exploiting the ability of a 
proper functionalization layer, placed on the top surface of the device, to selectively bind with 
the target molecule floating in the upper half space. From an optical point of view, this process 
determines as the main effect a refractive index and/or a thickness variation of the 
functionalization layer itself. The sensitivity (S) of a refractometric based biosensor is then 
defined as the derivative of the output signal with respect to the effective refractive index neff of 
the portion of the adjacent dielectric environment (layer + upper half space) probed by the 
surface evanescent wave [25], in our case a SPP mode of the structure.  
As was mentioned in previous section, the proposed HEMT photodetector measures 
variations in conductivity of the 2DEG layer as a function of light transmitted through the 
plasmonic nanostructure placed on the device surface. This latter depends on variations of 
thickness or refractive index of a thin functionalization layer attached to the metal surface. 
These two possible variations are equivalent from an optical point of view. For practical reasons 
related to the FEM simulations, in what follows we will consider refractive index variations. 
Taking into account (4.1), the device sensitivity to effective index variations of the dielectric 
environment is therefore given by 
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where Et is the transmitted power per centimeter square, T is the transmittance, Neff is the 
effective refractive index and n is the refractive index of the functionalization layer. As is seen, 
an important consequence of the logarithmic dependence of the output signal with respect to 
transmittance is that sensitivity is proportional to the relative variation of transmittance instead 
of the absolute variation. We will consider as a figure of merit for the device optimization the 
following 
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where Tn is the transmittance of the plasmonic structure in presence of a 3nm thick 
functionalization layer on top, whose refractive index is n. This thickness and refractive index 
values are typical in common biosensing experiments [110]. The variation Δn = 0.05 was 
considered since it is sufficiently small to not alter the resonance properties of the structures, 
allowing to assume a reasonably linear dependence of the calculated transmittance upon the 
layer index variation. At the same time, it is sufficiently high to allow a significant variation in 
transmittance, well beyond the numerical error. 
We point out that we could have considered as a figure of merit the relative transmittance 
variation with respect to an effective index variation of an uniform dielectric half space adjacent 
to the metal surface. However, as will be shown in Section 4.3.5, the relationship between neff 
and n is not trivial in case of highly corrugated plasmonic nanostructures like those ones we will 
consider. For this reason and in order to more closely reproduce what actually happens in the 
real experiment, we opted to consider the FOM defined in (4.3) and to evaluate separately the 
functional dependence of neff on n. On the other hand FEM simulations allow to easily model a 
thin film coating placed upon the plasmonic structure. 
The optimal nanostructure, coated with such a functionalization layer, should be able to 
enhance the optical response of the device structure to the mentioned variations. Plasmonic 
resonances are particularly suited for this task since they are highly sensitive to the dielectric 
environment in proximity of the metal surface. It should be also noticed that, in order to 
maximize the FOM, such a resonance must allow a very small amount of power to be 
transmitted.  
107 
 
 
Fig. 4.3-1. FEM optical models of the proposed architecture for a HEMT-based plasmonic sensor. (a) sinusoidal 
grating, (b) lamellar grating, (c) triangular wedge-like groove array. The structures are periodic in the horizontal 
direction, a single period is included in the FEM models, setting periodic boundary conditions. 
 
We considered different plasmonic nanostructures in order to find out the most sensitive and 
at the same time the best suited for easy large scale fabrication. They are depicted in Fig. 4.3-1. 
All the structures are 1D gratings, i.e. periodic in one direction and translationally invariant in 
the orthogonal direction. The metal considered is gold, its refractive index being obtained by 
ellipsometric measurements. This choice was made because of the well-known plasmonic 
properties of gold in the VIS spectral range. In addition, unlike silver, it does not oxidize and it 
better withstands surface cleaning operations [111].   
The first proposed structure is a sinusoidal gold grating on top of the GaAs cap. This is the 
simplest plasmonic structure both from a theoretical and from a nanofabrication point of view. It 
has been widely studied for SPR applications since it allows to couple impinging light to SPPs 
without the need of bulky prisms, as it is in common Kretschmann-Raether-based SPR systems. 
It serves here both to outline some basic features of a transmittance-based plasmonic sensor as 
well as a reference structure for the other two. In fact, we cannot take as a reference a flat thin 
metal film on top of the HEMT structure (mimicking a standard SPR system), since in such a 
structure it is impossible to excite SPPs illuminating the system from the air side (see Chapter 
1).   
The second proposed nanostructure is a lamellar grating given by equally spaced gold 
nanostrips placed on top of a flat GaAs surface (Fig. 4.3-1(b)). This structure was considered 
since its optical properties are well-known [60], as described in Chapter 2. In particular it is 
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interesting to investigate the potentiality offered by Extraordinary Optical Transmission [60] for 
the application to a transmission-based plasmonic sensor.  
The third structure consists of a periodic array of gold-coated triangular grooves engraved on 
the GaAs cap. These grooves can be easily experimentally obtained by means of electron beam 
lithography followed by anisotropic wet etching of GaAs. The optical properties of sharp 
grooves have raised much interest for their important properties of nanofocusing and 
waveguiding [90, 112-115]. Arrays of such grooves were investigated by Søndergaard, showing 
that a number of plasmonic resonances can be excited with different properties ascribable both 
to the single groove [114] and to periodicity [113]. In particular, vertical gap SPPs can be 
excited, leading to an enhanced electromagnetic field distribution on the grooves valleys. Since 
this latter geometry gives the best performances and was finally chosen for fabrication, we will 
focus particular attention on it.   
Below the plasmonic structure, a thin 5nm GaAs cap, a 160 nm thick AlGaAs layer and a 
bulk GaAs substrate are assumed. The 2DEG is located at the interface between the AlGaAs and 
the lower GaAs layers. Variations in the AlGaAs thickness are not relevant, since it behaves as a 
transparent layer at the Al doping concentration considered in the fabrication process (χ = 0.42). 
As was mentioned in the introduction, the proposed sensor is supposed to work at a single 
wavelength and single incidence angle in order to allow do develop an extremely compact and 
cheap device. We consider therefore TM polarized monochromatic light impinging, with fixed 
wavelength λ = 633nm. This wavelength is chosen due to the wide availability of red LEDs and 
lasers and considering that the best performance for biosensing applications are in the visible 
range.  
 
 
4.3.2 Sinusoidal grating 
We studied the optical response of the structure of Fig. 4.3-1(a) as a function of grating period, 
amplitude and thickness. For the simulation we used a FEM model similar to the ones presented 
in previous chapters. We set a port excitation at top boundary (below the PML), periodic 
boundary conditions at sides and PML above and below in order to absorb reflected and 
transmitted light.  
As explained in Chapter 1, for a sufficiently thick gold layer, this structure presents a single 
radiative SPP mode whose dispersion is close to the one of the SPP at the corresponding flat 
gold-dielectric interface. At normal incidence the first resonant coupling is found at period (d) 
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roughly equal to the impinging wave wavelength, according to equation (1.12), therefore we 
restrict our investigation around d = 633nm.  
Results are reported in Fig. 4.3-2 as a function of period and amplitude, for a fixed grating 
thickness of 100nm. As is seen from reflectance, the optimal resonant coupling is found at d ≈ 
592nm and grating amplitude 40nm. The optimal coupling period is slightly shifted with respect 
to the SPP wavelength at a flat gold air interface, λSPP = 599 nm, due to the presence of the thin 
dielectric film and to the grating structure. This configuration corresponds to a transmittance 
peak. Its electric field norm distribution is reported in Fig. 4.3-2(a), inset, showing a clear 
excitation of a SPP at the metal-air interface.  
 
 
Fig. 4.3-2. Reflectance (a), Transmittance (b), |ΔT|/T (c) as a function of grating period and amplitude for a fixed 
thickness of 100nm. The inset in (a) reports the |E| distribution in the resonant configuration. In (d) we compare the 
transmittance spectrum in the optimal configuration (period 590nm, amplitude 20nm) with the partial derivative of T 
and with |ΔT|/T (normalized to their maximum value). 
 
The relative transmittance variation, |ΔT|/T defined in (4.3), is reported in Fig. 4.3-2(c) for 
grating thickness of 100nm. A maximum value of only 3.9% is found in a couple of 
configurations close to the points of maximum partial derivatives of T with respect to period. 
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Actually both a period variation and a film refractive index variation produce a spectral shift in 
the resonance. As a consequence, the configurations maximizing the absolute transmittance 
variations |ΔT| correspond to the flex points of transmittance spectrum (Fig. 4.3-2(d), red line). 
The figure of merit (4.3), however, yields slightly different optima, since the transmittance itself 
should be minimized (Fig. 4.3-2(d), green line).   
The role of grating thickness is investigated in Fig. 4.3-3. For comparison it is reported the 
relative transmittance variation of a flat gold interface, where light impinging from the air side 
cannot couple to SPPs, as mentioned before. It clearly emerges the strong benefit of SPP 
excitation in enhancing sensitivity.  
This benefit arises because different transmission mechanisms are involved for the two 
systems. In fact, we can model the relative transmittance variation as  
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where t is the film thickness and the subscripts corresponds to different refractive indices of the 
functionalization layer. A different interpretation of the coefficients A and α should be done in 
case of flat or sinusoidal metal surface respectively. In case of a flat surface, A is the 
transmission efficiency at the upper metal surface and is expected to depend only slightly on the 
film refractive index, n. The decay constant α is that one of the field intensity in metal, which 
for normally impinging, is simply 2·Im(εm), independently of the functionalization layer 
refractive index. In case of a grating, instead, light couples to the SPP mode of the surface, 
whose exponential tail in metal intercepts the lower metal-dielectric interface, allowing coupling 
to light modes of the substrate. Therefore A is the coupling efficiency of light to SPPs, which 
strongly depends on n for highly sensitive geometrical configurations. In addition, in this case, α 
is the SPP decay constant in metal, which is proportional to (kSPP
2
  - εm·k0
2
)
1/2
 and is therefore 
also related to the refractive index of the functionalization. 
This mechanism also explains the behavior of the relative transmittance variation as a 
function of metal thickness, which presents a maximum at 100nm (Fig. 4.3-3(a)). Looking at 
Fig. 4.3-3(b), we see that the absolute transmittance difference, i.e. the numerator of (4.3), has a 
different behavior as a function of thickness with respect to the transmittance itself which is 
exponentially decreasing. The maximum the former presents at 70nm thickness can be ascribed 
to the following opposed mechanisms. On one hand coupling of impinging light to the SPP 
mode of a single gold-air interface increases as the gold thickness exceeds the skin depth.  This 
produces an enhanced plasmonic response to the refractive index variation, as is demonstrated 
by the metal dissipations with n = 1.45 and n = 1.5 as a function of thickness (Qm,1.45 and Qm,1.5 
in Fig 4.3-3(b)). On the other hand, the variations in the SPP propagation constant kSPP, induced 
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by the refractive index variation, reflect on the decay constant of the plasmonic field in metal. 
Thus a higher decay constant for n = 1.5 determines a faster decrease of T1.5 with respect to T1.45 
with increasing metal thickness, and consequently of ΔT with respect to T. This is visualized in 
Fig. 4.3-3(a), inset, in the limit of high thicknesses. 
 
 
Fig. 4.3-3. |ΔT|/T comparison between optimal sinusoidal configuration and a flat gold film as a function of metal 
thickness. (b) comparison between |ΔT|, T and metal absorptance (Qm). 
 
 
4.3.3 Lamellar grating 
For what concerns the digital grating structure, we explored its optical response as a function of 
grating period (d), gold thickness (t) and the slit-to-period ratio (s). Figure Fig. 4.3-1(b) shows 
one period of the simulated grating. A 3nm-functionalization layer is supposed to coat all the 
gold-air interfaces. 
The transmittance map at slit/period = 0.1, Fig. 4.3-4(a), clearly shows extraordinary optical 
transmission peaks as a function of grating thickness. This is easily verified by examining the 
electric field norm in a sample configuration, Fig. 4.3-4(b). A clear Fabry-Perot resonance 
inside the slits can be recognized. These peaks are interrupted at d ~ λSPP = 600nm, according to 
the interpretation scheme given in Chapter 2. A sudden increase in transmittance is observed at 
periods slightly higher, around d ~ 633nm, corresponding to the Wood-Rayleigh anomaly.  
The relative transmittance variation |ΔT|/T is reported in Fig. 4.3-4(c). As is seen, 
configurations with much higher sensitivity are found with this geometry with respect to the 
previous one. Maxima of |ΔT|/T are related to maxima of the gradient of T with respect to the 
geometric parameters, similarly as in previous case. What is interesting is that two classes of 
highly sensitive configurations are found, the first clearly related to EOT transmittance peaks 
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and the second one in proximity of d ~ λSPP = 599nm, suggesting two different origins for the 
enhanced sensitivity.  
If we look at “EOT-based” sensitive configurations, we see that sensitivity strongly increases 
with decreasing period. In fact, since the slit/period ratio is fixed, decreasing period corresponds 
to decreasing also the slit width. The increased sensitivity for smaller slit widths is a result of 
the increased filling fraction of the slits by the functionalization layer. In fact, the Fabry-Perot 
resonance squeezes the impinging light within the slits (Fig. 4.3-4(b)), and, as a result, the 
transmitted power is sensitive to the dielectric environment in these narrow regions, while it is 
expected to be quite insensitive to variations at the horizontal metal-dielectric interfaces. 
 
 
Fig. 4.3-4. (a) Simulated gold lamellar grating transmittance as a function of period, d, and thickness, t, slit-to-period 
ratio being is fixed to s = 0.1; (b) |H| field distribution at t = 260nm, d = 380nm; (c) Relative transmittance variation 
|ΔT|/T; (d) |ΔT|/T as a function of thickness for different s values, being d = 300nm. 
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As a consequence, a drop in sensitivity is expected by increasing slit/period ratio (s), both 
because of a reduction in the slit filling by functionalization and because of an increased 
transmittance (since our figure of merit is |ΔT|/T). This is reported in Fig. 4.3-4(d). The 
observed shift of the maxima is due to the decrease of effective refractive index of the resonant 
TM0 mode inside the slits with increasing s, as was explained in Chapter 2.   
It should be noticed that, although the relatively high |ΔT|/T values obtained, EOT-based 
sensitive configurations result too challenging from a nanofabrication point of view, requiring 
the realization of very narrow slits and short gratings pitches. Moreover, they would be very 
difficult to functionalize.  
In Fig. 4.3-5, we report T and |ΔT|/T maps zooming on the second region of high sensitivity. 
The location of this region appears mostly dependent on the grating period, strongly 
concentrated around d = 600nm, while it is almost independent of thickness.  
Fig. 4.3-5(c) compares transmittance, reflectance, metal absorptance and relative 
transmittance variations as a function of d at fixed t = 155nm and s = 0.1. Reflectance presents a 
single dip at d = 630nm. The electric field norm in this configuration is reported in Fig. 4.3-5(d). 
As can be seen, the dip corresponds to a resonance presenting both vertical cavity mode and 
horizontal Bloch SPP mode features. This does not surprise, since as pointed out in Chapter 2, 
both resonances are present simultaneously in lamellar gratings, producing hybrid field 
configurations.  
What is interesting is that a high plasmonic field on the upper horizontal metal interface 
coexists with a high SPP transmission efficiency through the slits, producing in this way an 
overall transmittance which is highly sensitive to surface refractive index variations at the 
horizontal metal-dielectric interfaces.  
From Fig. 4.3-5(c) it can be seen that the configuration with highest |ΔT|/T is close to d = 
600nm (blue curve). However, |ΔT| (purple curve) is maximum at 620nm, i.e. close to the point 
of highest gradient of T as a function of d. This highlights once more the relevant role of the 
plasmonic resonance in enhancing sensitivity. The maximum of |ΔT|/T is then shifted due to the 
rapid drop of T moving away from the resonant period.  
Interestingly, the resonant period is very close to the Wood’s anomaly (d = λ). Wood-
Rayleigh anomalies have been often associated to Fano resonances [116]. This kind of 
resonances is the result of the interference of two spectral features of the plasmonic structures, 
one of them being much wider than the other. The resulting peaks/dips have a characteristic 
asymmetric profile, whose degree of asymmetry depends on the relative locations and spectral 
width of the two resonances. In our case the wider EOT resonance interacts with the very 
narrow Wood-Rayleigh anomaly. As was pointed out [116], one of the most valuable 
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characteristics of Fano resonances is their high sensitivity to dielectric environment, which can 
be exploited for sensing purposes. The main advantage of the lamellar grating with respect for 
example of the sinusoidal grating structure previously presented is that it combines the 
sensitivity of the Fano resonance with the ability of transmit a signal to the lower half space 
thanks to the vertical resonance within the slits.  
 
 
Fig. 4.3-5. Transmittance (a) and relative transmittance variation (b) maps as a function of period and thickness, slit-
to-period being fixed at 0.1. (c) behavior of quantities of interest in case of t = 155nm, s = 0.1 as a function of period. 
(c) electric field norm distribution in the resonant configuration t = 155nm, s = 0.1, d = 630nm. 
 
Finally, the role of slit/period ratio is different in this case with respect to EOT-based 
configurations. As can be seen in Fig. 4.3-6, enlarging the slit-to-period ratio no significant 
effect is produced, except that the regions of maximal sensitivity are larger in the grating 
thickness direction.  This is expected, since, Wood’s anomalies depend only on period. On the 
other hand, EOT resonances become larger and more spaced in thickness, due to the increased 
MIM SPP propagation constant. The interference of these larger EOT resonances with Wood’s 
anomalies produces larger Fano resonances.   
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Fig. 4.3-6. Relative transmittance variation map at slit-to-period ratio equal to 0.3. 
 
4.3.4 Triangular groove grating 
As for the previous system, a systematic study of the optical response of the structure to a 
impinging incident TM-polarized 633 nm plane wave was performed varying the following 
geometric parameters:  
 period (200-800nm), d; 
 groove width-to-period ratio (0.4-0.9), s; 
 gold thickness normal to the oblique interfaces (0-300nm), t; 
We considered as fixed parameters the distance between lower wedge tip and upper 
GaAs/AlGaAs interface (20nm), the thickness of the functionalization layer (3nm) and the 
AlGaAs thickness (190nm). We notice that the total thickness of the GaAs cap increases with 
increasing groove depth. The wedge aperture angle is also kept fixed to 70.4°: constrain 
imposed by the adopted nanofabrication process, based on anisotropic wet etching of GaAs. We 
notice also that in the model the metal layer has not the same thickness normally to the local 
surface: for a given gold thickness t on the oblique surfaces the gold thickness on the horizontal 
surfaces is t/sin(35.2°). This situation is actually obtained using evaporation as a deposition 
technique.  
Maps of reflectance, transmittance and field at the bottom of the grooves as a function of slit-
to-period ratio (duty cycle) and period are reported in Fig. 4.3-7(a-c). The gold thickness on the 
oblique surfaces is fixed at 100nm (meaning 173nm on the horizontal surfaces).   
It is evident a reflectance dip at around d ~ 628nm which corresponds to a transmittance 
peak. As a matter of fact, the dips appear quite close to the Wood’s anomalies and present the 
characteristics of Fano resonances [116] as a function of period. These features are similar to 
what was found for the lamellar grating. 
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As a difference with previous considered geometries, a non-trivial trend is seen as a function 
of the slit-to-period ratio. In particular at s ~ 0.65 for normal incidence a sudden variation in the 
optical response is observed. The electric field norms in configurations showing a maximum 
field at the grooves bottom are reported in Fig. 4.3-7(d)(1-3). Fig. 4.3-7(d)(1) and (2) the 
configurations are d = 638nm, s = 0.58nm and d = 628nm, s = 0.74 respectively. As is seen, a 
similar field pattern within the grooves is observed, showing that a similar optical resonance is 
involved. The latter configuration, however shows a much greater field enhancement (see the 
respective color scales) and corresponds to the reflectance dip (transmittance peak) in Fig. 4.3-
7(a)(b). The former configuration, having period higher than the impinging wavelength presents 
a diffraction pattern in the air domain, which is not present in the latter, which shows an optimal 
coupling of impinging light to the resonance of the structure.  
 
Fig. 4.3-7: Reflectance (a), transmittance (b) and field in a point close to the metal surface in the groove valleys (c). 
(d) Electric field norm in the configurations marked with dots in (c), namely s=0.56, d=638nm (1), s=0.74, d=628nm 
(2), s=0.4, d=378nm (3).   
 
A different resonance is seen at d ~ 400nm and small s. A sample field pattern is reported in 
Fig. 4.3-7(d)(3). Since the period is much smaller than impinging wavelength no diffraction 
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pattern is observed far from the metal surface. Instead, only an intense field is seen within the 
groove.   
In order to confirm the plasmonic nature of the first observed resonance and exclude we are 
in presence of a trivial Wood-Rayleigh anomaly, we performed a Bloch mode analysis by 
means of the method described in Chapter 1. The configuration considered is d = 625nm, s = 
0.58 (this corresponds to the maximal sensitive configuration, as will be subsequently shown). 
The result is reported in Fig. 4.3-8 where it is superimposed to reflectance transmittance and 
relative transmittance variation maps obtained by scattering simulations.  
 
 
Fig. 4.3-8. Modal analysis of the triangular groove array structure compared with scattering simulations. (a) 
Transmittance, (b) |ΔT|/T, white dots are the calculated Bloch mode real dispersion, the white dashed line marks the 
light line, the red solid line is the SPP dispersion curve for a single flat gold-air interface; (c) imaginary part of the 
mode dispersion; (d) Mode field Ey and |E| corresponding to the mode at frequency ω = 2.87·1015 Hz marked with 
the red arrow in (a). The last map is the corresponding |E| field distribution calculated by FEM scattering simulation. 
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The modal analysis detects a single mode, whose dispersion approximately follows the 
transmittance peak. This agreement highlights the nature of the resonance, which is therefore a 
truly SPP Bloch mode of the structure. We notice that the dispersion of SPPs at a flat gold-
dielectric interface (green solid line) is located quite far from the resonance. The deep surface 
corrugation determines such a visible deviation of the true Bloch band.  
Comparing the Bloch band with the |ΔT|/T map (Fig. 4.3-8(b)) we see an even closer match 
between scattering and modal analysis, highlighting the role of the mode excitation in 
enhancing the optical sensitivity. 
Looking at the imaginary part of the dispersion (Fig. 4.3-8(c)), we notice a sudden increase 
in Im(kx) at ω ~ 2.97·10
15
Hz, highlighting the possible presence of a band gap at kx = 0 (this 
cannot be seen directly in the Re(kx) dispersion for the reasons explained in Chapter 1). The 
presence of the gap is also suggested by the behavior of the transmittance peak, which seems to 
be interrupted at ω ~ 2.97·1015 Hz. Similar features were observed for example by Barnes [24] 
studying multiple-armonic sinusoidal metal gratings.  
The mode field profiles are compared to scattering fields in Fig. 3.2-8(d). The fields result 
very similar, confirming the correlation between observed scattering features and mode 
analysis. 
A qualitative description of the resonant mechanisms was given by Sondergaard [113] in 
case of narrow triangular grooves. The resonance seen at small periods is interpreted as the 
coherent interference of a gap surface plasmon polariton bouncing back and forth within the slit, 
similarly to the Fabry-Perot resonance described in Chapter 2 for the lamellar grating. This kind 
of resonance is independent of the periodicity of the structure and depends only on the wedge 
dimensions. Another kind of resonance is found when the SPP coupled at the metal surfaces 
resonantly bounce back and forth between two adjacent grooves, i.e. when 
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being L the total round trip path from a groove bottom to the next, α the groove amplitude angle, 
ϕ the reflection phase of the SPPs, whose propagation constant is kSPP. In addition, in that work, 
a third very sharp resonance is observed in correspondence to Wood’s anomalies, which is not 
accounted by (4.5). According to the Fano resonance theory, [116], this latter resonance can be 
interpreted as a Fano resonance arising from the interplay of Wood’s anomaly and the groove-
to-groove SPP resonance.  
We verified the validity of (4.5). In order to be accurate, the description should properly take 
into account the non-adiabatic variation of the gap SPP refractive index while traveling down to 
the wedge bottom, as well as the width-dependent reflection phase of the gap SPP at the groove 
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edge. As an approximation for the gap SPP index, we consider the dispersion of a SPP 
propagating along a MIM waveguide (see Chapter 1) whose width slowly shrinks along the 
propagation direction. This approximation is similar to the one made within the adiabatic theory 
of nanofocusing along a metal wedge (Chapter 3). As was shown by Bochevolnyi [75], this 
dispersion can be well approximated by 
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being, k0 the light wave vector in vacuum, εd, εm the dielectric and metal relative permittivities 
and k
0
gsp = -2εd/(tεm) the gap SPP propagation constant in the limit of very narrow thickness t (t 
→ 0). The round trip resonance described by (4.5), taking into account the plasmon propagation 
constant (4.6), then reads as 
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As a further approximation we neglect the reflection phase ϕ at the groove edge. In Fig. 4.3-
9 we compare the solutions of (4.7) for m=3,5,7 (black curves) with a wider reflectance map, 
calculated up to d = 2000nm.  
 
 
Fig. 4.3-9. Reflectance map of the triangular groove grating compared to the model (4.7) (black line). White and 
black dashed lines mark the positions of the Wood’s anomalies, and d = m·λSPP respectively. 
 
Despite the rough approximations, the resonant regions are qualitatively identified by the 
model. In particular the sharp reflectance dips observed arise approximately at the crossing of 
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Wood’s anomalies and groove-to-groove resonances, in agreement with the mentioned Fano-
like interpretation (the slight shift can be ascribed to the presence of the 3nm dielectric layer). 
We further notice that the m = 3 solution, for instance, which is the lower Black curve in Fig. 
4.3-9, corresponds to 3 nodes of the standing wave pattern produced by the SPP traveling back 
and forth between two grooves. This agrees with the FEM calculated electric field norm 
distribution at resonance (Fig. 4.3-7(d)(1,2)). 
 
 
(a) 
 
(b) 
Fig. 4.3-10. (a) |ΔT|/T map as a function of period and wedge width-to-period ratio; (b) absolute transmittance. 
 
Looking now at the ΔT/T map (Fig. 4.3-10(a)), we find that very sensitive configurations are 
located in a narrow period range around the Fano resonance and at duty cycle s < 0.65. In 
particular, the optimal configuration is found at period d = 625nm and s = 0.58 for normal 
incidence, which yields a maximum |ΔT|/T of 20.9%. This value is significantly higher than 
those ones found in previous geometries.  
We ascribe this enhanced sensitivity to at least three optical features of the optimal 
configuration. First, the Fano resonance determines an extremely steep variation between light 
and dark, which determines a high absolute transmittance variation |ΔT|. This is verified looking 
at the |ΔT| map, Fig. 4.3-10(b). We see three high-|ΔT| regions, one of which is close to the 
optimal configuration. Actually the maximum |ΔT| is found at s = 0.72, uppermost peak, very 
close to the main reflectance deep location. Similarly to what found for previous geometries, the 
different optimum for |ΔT|/T arises from the competition between |ΔT| and T.  
Second crucial characteristic of the optimal configuration is that a very low transmittance of 
7·10
-5
 is obtained slightly out of the Fano resonance, enabling to reduce as much as possible the 
denominator of |ΔT|/T. By contrast,  this is not the case for the Fano resonance at s  > 0.65, as 
can be seen from the transmittance map, Fig. 4.3-7(b). 
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The third interesting feature is seen looking at the transmission properties as a function of the 
grating thickness, Fig. 4.3-11(a),(b). Unlike the sinusoidal grating case, here |ΔT|/T keeps 
increasing until it saturates at a certain value. This is possible because the transmittance decay 
with increasing metal thickness appears to be independent of the functionalization refractive 
index, as is actually verified in Fig. 4.3-11(a), inset, for three values of the layer index.  
      
 
 
(c) 
Fig. 4.3-11. (a) relative transmittance variation as a function of gold thickness on the oblique surfaces for d = 625 nm, 
s = 0.58, inset: ratios of transmittances; (b) comparison of absolute transmittance variation with transmittance; (c) 
color map: y component of the pointing vector at a groove bottom, arrows: Poynting vector. 
 
We conjecture that a different transmission mechanism is probably involved with respect to 
the sinusoidal grating. As a matter of fact, in the wedge case, a vertical resonance is involved 
inside the grooves, which ends up at the groove bottom. Here the power transmission resembles 
much more the direct transmission of a plane wave impinging normally onto a metal surface, 
and, as a consequence its decay constant in metal does not depend on the dielectric environment 
above the metal. In an alternative view, the SPPs bouncing back and forth between two adjacent 
122 
 
grooves bottom, hit almost normally the oblique groove sides, similarly to a plane wave 
normally hitting a metal surface. The difference, however, is that SPPs transmit a signal highly 
sensitive to surface refractive index variations.  
Evidence supporting this explanation can be found looking at the power flow distribution at 
resonance (Fig. 4.3-11(c)). Clearly the Pointing vector is normal to the surface at the groove 
bottom.   
We notice that this property of the triangular groove array allows in principle to reach 
relative transmittance variations as high as 25% for very thick metal layers. In practice the gold 
thickness must be limited both because a sufficient amount of light should be transmitted in 
order to be detected by the underlying HEMT, and because of costs. Looking at Fig. 4.3-11(a), a 
reasonable thickness appears to be 100nm.   
 
4.3.5 Calculation of theoretical sensitivity and resolution 
In order to estimate the optical sensitivity of the device, we directly calculate the transmittance 
for the optimal configuration as a function of the index of refraction of the whole dielectric 
space in contact to the metal, Neff, Fig. 4.3-12. Its derivative divided by T is directly 
proportional to the sensitivity S as defined by (4.2) as a function of Neff. 
 
 
Fig. 4.3-12. Transmittance and T-1∂T/∂Neff as a function of effective medium Neff for the optimal configuration of 
triangular groove arrays (period = 625nm, slit/period = 0.58). 
 
To estimate S in working conditions we need to estimate the value of Neff corresponding to a 
layer refractive index (n) variation around 1.45 and/or a layer thickness (t) variation around the 
value of 3nm.    
123 
 
While it is straightforward to relate a thin layer refractive index [thickness] variation to the 
index variation of a corresponding effective medium in case of a flat or quasi-flat structure [25], 
the same is not true in case of a strongly modulated surface, as in our case of deep triangular 
grooves arrays. Nonetheless, in this case the relation between Neff, and n [t] can be obtained by a 
comparison of numerical simulations of the optical response as a function of Neff with those 
ones as a function of n [t]. We report these simulations in Fig. 4.3-13. 
 
Fig. 4.3-13. Comparison of trends of transmittance as a function of Neff with transmittance as a function of t, keeping 
fixed n = 1.45 (a), or n, keeping fixed t = 3nm (b); (c,d) resulting trends of Neff as a function of t and n. 
 
Comparing transmittance as a function of Neff and layer thickness (for a fixed layer refractive 
index n = 1.45), Fig. 4.3-13(a), we notice that there is approximately a matching in the trends, 
the same cannot be said for the absolute values. Considering small layer thicknesses, it is then 
possible to trace the correspondence curve between effective medium variation and layer 
thickness variation for a fixed layer index n = 1.45 numerically solving the equation Tlayer(t) - 
Teff(Neff) = 0, being Tlayer(t) the transmittance in presence of a t nm thick layer and Teff an 
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interpolation of the transmittance values obtained as a function of Neff. Results are reported in 
Fig. 4.3-13(c,d). As is seen, a quasi-linear correlation is found for small values of t and n.  
From these results we obtain that a reasonable value for Neff equivalent to a functionalization 
layer t = 3nm thick and whose refractive index is n = 1.45 is Neff ~ 1.005. The corresponding 
relative transmittance variation T
-1∂T/∂Neff is about 45000 % / RIU. Considering equation (4.2) 
defining the sensitivity of the device and assuming the value for A ≈ 1·10-5 Ω-1 obtained by 
fitting experimental data we finally can estimate the device sensitivity as  
 
S ≈ 4.5·10-3 Ω-1/RIU. 
 
We want now to give an estimate of the resolution of the proposed device. The resolution of 
a sensor is the smallest change of measurand which produces a detectable change in the sensor 
output [25]. In our case it is therefore given by 
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where δσ is the experimental error on the conductivity measurement. It is obtained by 
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where δV  is the error on voltage V measured between source and drain. It takes into account 
errors due to electronic noise and laser stability. It turns out to be 
 47 10V
V
    (4.10) 
While the measured conductivity σ at the irradiance of 7·10-1 W/cm2 results to be 8·10-5 Ω-1. 
The error is therefore estimated to be  
δσ = 5.6·10
-8
 Ω-1. 
A rough estimate of the sensor theoretical resolution is thus  
 
R = (4.5·10
-3
 Ω-1/RIU)-1 · 5.6·10-8 Ω-1 ≈ 1.2·10-5 RIU. 
 
This is a pretty good value in the frame of intensity-based biosensors [13, 117].  
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4.4  Nanofabrication 
 
Owing to its superior performances in terms of sensitivity, the third proposed nanostructure was 
finally chosen for nanofabrication and implementation in a HEMT-based photodetector. This 
part of the device realization is out of the scope of this thesis work, and we will give here only a 
brief overview of the chosen fabrication techniques and of some preliminary characterization 
results [109].  
The semiconductor heterostructure was realized at IOM-TASC Laboratories in Trieste by 
means of epitaxial growth, using a Veeco Gen-II High Mobility Molecular Beam Epitaxy 
apparatus, custom-modified for high purity materials. The system contains effusion cells for As, 
Ga, Al, In, C (p-doping), and Si (n-doping) and has produced high quality 2DEGs with mobility 
up to 8.6·10
6
 cm
2
/Vs at liquid Helium, 1.4 K, for single GaAs/Al0.33Ga0.67As modulation 
doped heterostructure.  
 
 
(a) 
 
(b) 
 
(c) 
Fig. 4.4-1. (a) typical grown structure stack; SEM micrographs of the wedge grooves obtained after GaAs anisotropic 
wet etching (b) and after gold deposition (c).   
 
The typical grown structure stack is reported in Fig. 4.4.1(a) with the corresponding band 
scheme. The first three layers have been grown according to a standard scheme for fabrication 
of high-mobility devices. They are a semi-insulator single-crystal GaAs substrate, a 300nm 
buffer layer of intrinsic GaAs, and a 500nm thick GaAs/AlGaAs superlattice (SL) which act as 
an impurity blocking barrier.  
Since the oxidation of the air-exposed AlGaAs surface would produce the alteration of the 
electro-optical properties of the whole structure, a protective GaAs capping layer is required. 
The thickness of the cap varies from the 5 nm for the initial digital grating configuration, to 
some 100 nm in the case of V-grooves systems. 
Schrödinger-Poisson modelling of the AlGaAs/GaAs 2DEG structure was used to ideate the 
trial structures growth and to assist the interpretation of the experimental results, which 
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consisted in Hall effect Van der Pauw [118] measurements of 2DEG electron density, mobility 
and resistivity as a function of light intensity. 
The complete definition of the HEMT phototransistor goes on with the realization of a Hall 
Bar structure [109], Fig. 4.4-2(a). As a matter of fact, a complete characterization of the HEMT 
structures requires measurements of sheet conductivity of the 2DEG electron density, mobility 
and resistivity. Reliable measurements of such quantities are usually obtained in semiconductor 
technology by using the Van der Pauw method [118], which is best implemented in a controlled 
Hall bar structure. 
Two fabrication stages are involved which are meant respectively to obtain a mesa and to 
define electric contacts. The mesa is required in order to provide electrical isolation of adjacent 
devices on a sample. It is basically realized by means of UV lithography combined with wet 
etching. Ohmic contacts are then obtained by UV-lithography combined with e-beam 
evaporation and lift-off.  
 
 
(a) 
 
(b) 
Fig. 4.4-2. (a) optical microscope image of the final device comprising the Hall Bar structure; the plasmonic grating 
is located at the center of the structure; (b) photo of a batch of final plasmonic HEMT biosensors devices.  
 
Van der Pauw measurements at this stages gave as estimates of the typical electron densities 
and mobilities the following: n2DEG = 2-10·10
10
 cm
-2
, µ = 2-5·10
3
 cm/Vs. 
The plasmonic grating fabrication is the final nanofabrication stage. Firstly, the grating 
periodicity is obtained by e-beam lithography of a PMMA resist layer deposited onto the sample 
by spin-coating. In order to obtain the desired grooves, the exposed stripes must be carefully 
aligned with the crystallographic planes of the semiconductor. After development, the crucial 
step of fabrication is the GaAs wet anisotropic etching, which defines the V-shaped grooves. 
This is performed by means of H2SO4/H2O2/H2O etchant. Since the etching rate is lower in the 
127 
 
(111) lattice direction than on all other crystal directions the resulting wedge ({111} plane) has 
an aperture angle to the surface of 70.5° 
Finally gold is deposited onto the substrate in order to obtain the plasmonic grating. An UV-
lithography of a spin coated positive photoresist allows to define a mask for the successive e-
beam gold evaporation onto the active region of the device. Final lift off removes the resist and 
leaves the plasmonic grating at the center. Scanning electron microscope images of the obtained 
grooves before and after gold deposition are reported in Fig. 4.4-1(a) and (b). An optical 
microscope image and a picture of the samples are reported in Fig. 4.4-2(a,b).  
Preliminary characterization results are reported in Fig. 4.4-3. Fig. 4-4-3(a) reports source-
drain voltage measurements of a sample with period = 610nm, duty cycle = 0.65 in absence of 
functionalization, in presence of biotin functionalization coating, and of a further avidin 
monolayer. The measurements are taken as a function of the impinging angle. The first and third 
measurements, expressed in terms of equivalent transmitted power, are compared to FEM 
simulations in Fig. 4.4-3(b). As is seen the trend present an maximum sensitivity at an angle 
different from 0. This is because the geometrical parameters of these samples do not correspond 
to the optimum given above. However, a good qualitative agreement between experimental and 
simulated trends is found.  
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Fig. 4.4-3. (a) Voltage measurement of a sample with period = 610nm, duty cycle = 0.65 as a function of impinging 
angle, in absence of functionalization (red squares), in presence of biotin functionalization (blue squares), and in 
presence of a further monolayer of avidin (black squares). (b) Comparison between experimental and simulated 
trends of transmitted power in absence (black) and presence (red) of biotin-avidin layer.    
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4.5  Conclusions 
 
Summarizing, a novel biosensor architecture was proposed which combines a plasmonic 
nanostructure with a HEMT phototransistor in a single monolithic device. This puts together a 
high sensitivity to surface refractive index variation, provided by the plasmonic structure, with a 
highly sensitive photodetection scheme, particularly at lower light intensities. 
The work presented in this thesis concerns the optical design of the structure. Three 
candidates nanostructures were considered, investigating their potentialities in terms of 
sensitivity to refractive index variations of a conformal thin dielectric film on their surface, 
mimicking the effect of a functionalization layer. The structures consisted in a sinusoidal 
grating, a lamellar grating and a triangular-shaped groove grating. 
The optimization took into account the electrical characteristics of the underlying HEMT. 
This lead to consider as a figure of merit for the different plasmonic structures the relative 
transmittance variation as a function of surface refractive index, instead of the absolute 
variation, as is usually considered.   
The triangular groove grating, with a relative transmittance variation of 45000%/RUI, was 
found to have the best performance. The reason for such a high sensitivity were described and 
linked to the plasmonic resonances involved. A theoretical sensitivity of 4.5·10
-3
 Ω-1/RIU and a 
resolution of 1.2·10
-5
 RIU are estimated. 
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Chapter 5 - Plasmonic Vortices 
 
 
5.1 Introduction 
 
In Chapter 1 we have seen how periodic structures can couple impinging light to SPP Bloch 
modes owing to the coherent momentum transfer of evanescent diffracted waves to the surface 
modes of the structure. The simulated structures were infinitely periodic in one or more 
directions. Research in the field of plasmonics initially dealt with this kind of structure which 
are the simplest both from the theoretical and from the nanofabrication points of view. A 
number of interesting phenomena and practical applications were found, some of which were 
mentioned in previous chapters.    
Parallel to the development of new and more sophisticated nanofabrication techniques, a 
rapidly growing interest has arisen in recent years around the possibility of engineer the local 
coupling of light to SPPs in order to obtain arbitrarily complex plasmonic interference patterns 
[5, 14, 97, 119-125]. Actually, the interferometric or diffractive SP pattern generation is 
nowadays a fundamental research area of plasmonics. Proper patterns of local SPP generators, 
such as nanoholes [124, 125],  nanoslits [125], and curved nanoslits are normally used [97, 
126]. Although research on SP patterning started from the formation of SP focal spots, namely, 
hot spots on a subwavelength scale [97, 126], new interesting possibilities were recently 
investigated, such as dynamic control of SP field [127, 128], even combined with other 
plasmonic structures able to transmit or decouple SPP into propagating waves (like nanoholes or 
nanoantennas) [129-131]. 
One of the opportunities offered by SPP phase manipulation is the possibility of generate 
SPPs carrying Angular Momentum (AM). As a matter of fact, extremely interesting new optical 
phenomena have been discovered by combining light carrying orbital angular momentum 
(OAM) and plasmonics. Some examples are plasmon-induced spin-orbit interactions [132, 133], 
optical spin Hall effect in nanoapertures arrays [125] and spin dependent plasmonic effects 
[119]. In particular it has been shown that surface plasmon polariton (SPP) waves carrying 
OAM, can be generated by using particular metallic subwavelength structures illuminated by 
circularly polarized light. Structures such as concentric circular grooves [14], Archimedes’s 
spiral shaped grooves [14, 127] were intensively investigated. The helicity of the incident 
radiation, related to the spin angular momentum (SAM) of photons, is converted into OAM of 
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the light via the coupling with the surface plasmons generated by the electromagnetic waves, 
acting as q-plates made with inhomogeneous anisotropic media [134].  
The SPP coupled by such structures is sometime termed as Plasmonic Vortex (PV) [127]. It 
is an  optical vortex of plasmonic waves with a dark spot and phase singularity at its center. PVs 
are of particular interest due to the fact that they have a strong optical angular momentum in the 
evanescent field region; thus they are useful for various nanophotonics applications such as 
trapping [135], soliton [136], data storage [137], and quantum computation. 
In this chapter we will analyse Plasmonic Vortex Lenses (PVL) structures given by multiple-
turns Archimedean spiral groove gratings or Bull’s eye structures, i.e. multiple concentric ring 
grooves. Such structures are able at a time to couple impinging circularly polarized light to 
Plasmonic Vortices and to focus them at the center of the structure, acting as lenses.  
After a brief overview on the basic concepts of light carrying Orbital Angular Momentum, 
we will describe the mechanism of light coupling to PVs, providing a semianalytical analysis 
able to catch the main physics phenomena involved. We will then explore the focusing 
possibilities offered by PVLs in terms of field enhancement a their center. This aspect is of 
particular interest for Surface Enhanced Raman Spectroscopy and sensing applications. The 
possibility of transmit PV through a hole at the PVL center is also interesting for many 
application and is investigated in the remaining of the chapter, studying both the extraordinary 
transmission enhanced offered by the plasmonic lens and the Orbital Angular Momentum 
properties of the transmitted field. 
 
 
5.2 Light with orbital angular momentum  
 
It is well known from Maxwell’s theory that electromagnetic radiation carries both energy and 
momentum. The momentum can have linear and angular contributions. This often has relevant 
mechanical consequences, since any interaction between light and matter determines exchanges 
in energy and momentum. Radiation pressure exerted by light on matter is an example involving 
linear momentum. Another one is the mechanical torque created by the transfer of angular 
momentum (AM) by impinging circularly polarized light to an object, that was experimentally 
verified a long time ago [138].  
The AM density for the electromagnetic field is obtained, in analogy with mechanics, by 
forming the cross product of the position vector with the momentum density p [139], namely 
 0 ( ).j r p r E B      (5.1) 
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The total electromagnetic AM associated with a volume V is the integral of this quantity 
over the volume, 
 
0 ( ) .J r E B
V
dV    (5.2) 
From this, it is immediately clear that a simple plane wave cannot carry AM, since its linear 
momentum is parallel to the propagation direction, z, and the projection of r (E B) along the 
same direction is zero. In 1992, in a famous paper, Allen et al. [140] were the first to recognize 
that light beams with an azimuthal phase dependence of exp(ilϕ), l being an integer, carry an 
angular momentum given by the sum of a Spin Angular Momentum (SAM) and of an orbital 
angular momentum (OAM). The former, as was already well known, comes in amounts of  ħ 
per photon, while the latter in an amount of lħ. This is expressed by [140, 141] 
 z
J l s
W 

  (5.3) 
being s = ±1 the SAM and, ω the wave frequency and W the energy. This result, found in a 
purely classical theoretical frame can also be justified formally using a quantum approach. 
Actually it turns out that, outside of photon entanglement there is little need to leave this 
classical formulation [142].    
The OAM of light has of course a history prior to 1992. Most atomic transitions are dipolar, 
meaning also that the emitted photon can carry Nħ angular momentum. It has been recognized 
since at least the 1950s that higher-order transitions, e.g., quadrupole, require the emitted light 
to carry multiple units of Nħ angular momentum, and hence an OAM in addition to the spin 
[139]. The key point of Allen et al. in 1992 [140] was that this OAM was a natural property of 
all helically phased beams, and hence could be readily generated in a standard optics lab. These 
beams can be described in terms of solutions of the paraxial wave equation in cylindrical 
coordinates, which are known as Laguerre-Gauss modes 
 ˆ( , , ) ( , , )LGl ikzp r z xu r z e 
  (5.4) 
with 
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       
 
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 
 (5.5) 
where zR is the Rayleigh range, w(z) is the radius of the beam, 
l
pL is the associated Laguerre 
polynomial, C is a constant, and the beam waist is supposed to be at z = 0. A plot of the phase of 
a 
1
0LG beam and of its intensity pattern is reported in Fig. 5.2-1(a).  
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It is easy to understand why OAM is present, although why it is quantized in multiples of ħ 
is not so obvious. In any light beam, the wave vector can be defined at every transverse position 
of the beam as being perpendicular to the phase fronts and represents the direction of the linear 
momentum flow within the beam of ħk per photon. For a helically phased wave, the skew angle 
of the wave vector with respect to the optical axis may be shown to be simply l/kr . This gives 
an azimuthal component to the linear momentum flow of lħ/r, and hence an angular momentum 
of lħ per photon. It follows that for a beam of maximum radius R, the largest value of l possible 
is l ≤  kR  [143]. 
The result (5.3) can be obtained within the paraxial approximation by expressing J as 
 
0 0( )J L S r r rE Ai i
i
d E A d          (5.6) 
being E the component of the electric field transverse to propagation and having expressed the 
magnetic field in terms of the vector potential A. We notice that these quantities are independent 
of gauge. The contribution L varies with the choice of the origin, just as an orbital AM, so that 
it has an extrinsic nature. Moreover, it is determined by the phase gradient of the field. These 
are actually the features of a truly orbital AM. On the other hand, the contribution S does not 
change for a different choice of the origin, and it is determined by the polarization of the field. 
This gives it the flavor of a spin AM [143].  
 
 
 
(a) 
 
 
(b) 
 
(c) 
Fig. 5.2-1. (a) Helical phase of a Laguerre-Gaussian beam with OAM l = 1 and intensity cross section; (b) spiral 
phase plate; (c) Scheme of OAM generation by means of fork hologram [142]. 
 
In case of non-paraxial beams such a separation is not so straightforward. Actually the 
separation of total angular momentum has been debated for a long time and still remains unclear 
[141, 144, 145, 146]. Nevertheless, at least for light beams within the paraxial approximation 
[141], the separation does seem to have a physical and experimentally demonstrable meaning 
[145, 146]. In addition, the use of the angular momentum flux across a surface, rather than the 
angular momentum density, allows the separation of the spin and orbital angular momentum 
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parts in a gauge invariant way, which holds also beyond the paraxial limit and confirms the 
simple values obtained for the ratio of AM to energy [144]. 
From the experimental point of view, a number of techniques exist to generate beams 
carrying OAM, although some OAM generators, especially spiral phase plates, pitch-fork 
hologram and q-plate do not produce a pure LG mode. Their output beam, indeed, is a 
superposition of infinite LG mode with a fixed values of OAM and different radial number.  
In the aforementioned work [140], Allen and his coworkers used a set of proper aligned 
cylindrical lenses to convert Hermite-Gaussian (HG) modes into LG modes. The LG and HG 
modes are two important solutions of the paraxial wave equation in cylindrical and cartesian 
coordinates, respectively [143]. Both LG and HG are complete set of modes in their appropriate 
coordinates. So, there is a possible expansion of LG modes in the HG basis and vice versa.  
Another commonly used device is called spiral phase plate (SPP), imprints an helical 
structure over an impinging (Gaussian) beam [147] (Fig. 5.2-1(b)). SPP is an optical element 
made of a glass with an optical thickness that increases with azimuthal angle, such that, upon 
transmission, an incident plane wave emerges with a helical phase front. In order to have a 
proper topological charge and optical retardation, the spiral phase plate is kept inside a liquid 
with a refractive index close to the SPP material. When the final increase of the optical 
thickness is tuned to multiples of l, TEM00 beam turns directly into a beam with a well-defined 
value of OAM.  
Holography is also another way to produce beams with OAM [148]. Let us make an 
interference of a tilted helical beam with a plane wave reference beam. The interference pattern 
is called pitch-fork hologram (Fig. 5.2-1(c)). One can use this hologram to generate helical 
modes (a beam which carries OAM). When the pitch-fork hologram is illuminated by a TEM00 
beam part of power is diffracted. In the first two diffraction orders we have a helical beam with 
opposite OAM values.  
Recently, a novel method has been introduced by Marrucci et al. [134] in which a 
topological charge in the phase front of a beam is introduced depending on the initial 
polarization state of the beam. The heart of this process is an anisotropic birifrangent plate made 
of liquid crystal with a well-defined topological charge in the transverse plane, named q-plate. 
When a circularly polarized beam traverses the plate an overall phase equal to twice of plate 
topological charge is introduced in the beam phase front and the polarization of the input beam 
is flipped. Therefore, at the output we gain an value of OAM. When the polarization of the input 
beam changes, the values of the output OAM is reversed accordingly.  
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5.3 Plasmonic Vortex Lenses 
 
The class of PVLs considered here consists of Archimedean spiral grooves milled in a thick 
gold film in air (Fig. 5.3-1). Their geometry is defined by 
 
0( )
2
m
d
r r m 

   (5.7) 
being ϕ the azimuthal angle, d the final PVL pitch, m an integer and r0 the distance from the 
center to the nearest point of the groove. The complete PVL consists of m spirals, each one 
rotated of 360/m degrees with respect to the adjacent ones (Fig. 5.3-1). We will term these 
structures m-PVLs. We also notice that, in case of m = 0, Eq. (5.7) describes a circular ring of 
radius r0. Thus, we can consider the bull’s eye structure, given by concentric ring grooves of 
period d, as a particular case of PVL.  
 
 
Fig. 5.3-1. Plasmonic Vortex Lens (PVL) geometry. 
 
We explain now how such a structure can create an optical vortex. The simplest example is a 
circularly symmetric structure, like a bull’s eye, illuminated by circularly polarized light (Fig. 
5.3-2). Pioneering works on the angular momentum properties of the SPPs coupled in this 
situation were done by Hasman’s group [119]. As was mentioned in Chapter 1, when a 1D SPP 
grating coupler is illuminated by an arbitrarily polarized beam, the surface waves are excited via 
TM component of light, corresponding to the magnetic field parallel to the grooves direction. 
The propagation direction of the resulting SPP is perpendicular to the local direction of the 
grooves. Now, if circularly polarized light illuminates a circular groove, the optimal coupling to 
SPP occurs at diametrically opposite points of the groove, which rotate in time, following the 
impinging light electric field rotation. As a result of the local coupling, each spiral element 
136 
 
produces a pair of SPP waves, traveling respectively toward the groove center and toward 
infinite. In Fig. 5.3-2, only the former is depicted with the red line, for different phase values of 
the impinging light (E). The overall generated SPP wave has a space variant local direction and 
an azimuthally increasing phase with unitary topological charge. The origin of this phase is thus 
purely geometric and it is commonly referred as Pancharatnam-Berry phase [149, 150]. We 
notice that the pitch of the SPP spiral phase is exactly λSPP, namely the SPP wavelength.    
In spiral structures, in addition to the geometric phase of the SPPs due to a polarization 
dependent coupling, a dynamic phase arises as a result of a space-variant path difference. This 
dynamic phase is induced by the grooves’ spiral shape [119] and allows to impress to the 
resulting PV an arbitrary topological charge [127]. We notice that the groove spiral pitch must 
be equal to λSPP for the SPP generated at ωt = 2π (at the lowest spiral radius) to be in phase with 
that one generated at ωt = 0 at the (at the biggest spiral radius). In the case depicted in Fig. 5.3-2 
a right-handed circularly polarized light impinging (s=+1) on a spiral with m = -1 and d = λSPP 
produces an axially symmetric PV (zero topological charge).   
 
 
 
Fig. 5.3-2. Principle of generation of PVs in plasmonic vortex lenses (PVLs), above: circular groove illuminated by 
circularly polarized light (red arrow). The resulting PV has OAM=1. Below: spiral groove with pitch equal to the SPP 
wavelength illuminated by circularly polarized light. The resulting PV has OAM=0. 
  
In order to calculate the SPP field pattern produced by the PVL we consider an ideal 
infinitely narrow spiral groove. As a result of the interaction with impinging light, an 
infinitesimal element of this PVL emits a circular SPP wave that can be expressed as 
 
, | |
ˆ( )
| |
x
SPPdE x
x
SPP z SPP
k z ik
z
e e
e

  (5.8) 
where kSPP is the complex SPP propagation constant on the flat metal-dielectric interface, and 
2
, 1SPP z SPPk k  . In (5.8) the presence of the versor ˆze , directed along the direction normal to the 
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metal surface, takes into account that the SPP field is substantially polarized in this direction. 
We notice that the field amplitude decays both because of the spreading of the circular wave 
fronts (square root at denominator) and because of losses in metal (imaginary part of kSPP). This 
field pattern can be considered a plasmonic Point Spread Function (pPSF), i.e. the response of 
the system given by a planar metal-dielectric interface to a point plasmon emitter.  
Let’s consider the case of a PVL illuminated by light possessing both SAM s and OAM l, i.e. 
 ˆ ˆ ˆ ˆ( ) ( ).E il il isx y re e ie e e e ie
  
     (5.9) 
To be noticed the exponential exp(isϕ), which is the aforementioned Berry phase. Then the PVL 
can be thought as a continuous spiral chain of point SPP emitters with relative phase dependent 
on the impinging illumination spin and orbital angular momentum. The z component of the field 
in correspondence of such a line source can then be expressed as 
 ( ) ( )
0( , ) [ ( )] [ ( )]
2
i s l i s lSPP
m mr r r e r r m e
      

         (5.10) 
where δ is the Dirac delta. We used (5.7), assuming d = λSPP for the reasons mentioned before. 
We also neglected the space variant intensity pattern of the impinging light (which is 
necessarily not uniform in case of a LG beam impinging, as mentioned in section 5.2). The z 
component of the SPP field at coordinates (X,Y) produced by the whole PVL can then be 
expressed as the convolution of the pPSF with such a spiral source of SPPs, i.e.   
 
, ( , ) ( , ) ( , ) .SPP m m SPP m SPPE X Y dE x y dE X x Y y dxdy 
 
 
       (5.11) 
In order to use ψm as in the form of (5.10), we change coordinates from Cartesian to polar, 
namely 
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where we omitted the z dependence of the field and N is the number of turns of the spiral. We 
notice that the field given by (5.12) is produce by one single spiral of the m composing the 
complete PVL. Although this result is general and accounts for both plasmon losses and 
conservation of energy of the circular expanding SPP wave fronts, it is difficult to calculate 
analytically in general (although it can be readily calculated numerically).  
A useful analytical approximation is found neglecting both the aforementioned sources of 
decay of the SPP amplitude. Plasmon losses can be reasonably neglected for relatively high 
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working wavelengths (infrared or near-infrared) or in case of relatively small PVL dimensions 
compared to the SPP decay length. On the other hand, if r0 is sufficiently high, the SPP 
wavefronts produced by the elements of PVL are nearly planar at the center of the structure and 
it is reasonable to neglect the SPP amplitude decay due to the spreading of wave fronts. In this 
case the pPSF is just 
 
| |
.
RSPPik
SPPdE e

  (5.13) 
In this case a similar calculation yields [126] 
 , ( , ) ( )
ij
SPP m j SPPE R e J k R
   (5.14) 
where Jj is the jth order Bessel function and  
 j s l m    (5.15) 
is the total topological charge of the plasmonic vortex. Thus, the topological charge of the PV is 
determined in a simple way by the orbital and spin angular momentum of the impinging light 
beam, and also by the integer m, that indeed is named the topological charge of the PVL.  
The selection rule (5.15) was first reported by Kim and co-workers [127] for arbitrary value 
of m and light without OAM (i.e. j = m ± 1), and just very recently [151] for light carrying 
OAM. The case s = 0 corresponds to a radially polarized beam.  
As equation (5.15) suggests, the PV carries an angular momentum which is proportional to j. 
In order to verify this statement we need the radial and azimuthal components of the electric 
field. They can be derived from the knowledge of the z-component by calculating the electric 
Hertz potential and deriving Er and Eϕ from it [127]. The results are 
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The magnetic field can be obtained in a similar way. Then, the z-component of the orbital 
angular momentum density of the plasmonic vortex is found using equation (5.1), 
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This directly verifies that the z component of the PV angular momentum is proportional to the 
PV topological charge j. Since SPP waves do not possess SAM, this angular momentum can be 
considered purely orbital.   
Eq. (5.14) shows that the intensity of the field is described by a Bessel function. Therefore 
we expect an intensity pattern with bright and dark concentric rings. For j = l + m + s = 0 a 
bright spot is expected at the center of the structure, because the function J0(x) has a maximum 
for x = 0. For j > 0, on the contrary, there will be a dark spot at the center of the PVL, and the 
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intensity maximum will be on a ring, whose radius increases with j. The Figures 5.3-3 show the 
phase patterns. For the case j = 0 it is trivial to see that along any closed circuits around the 
center the overall phase shift encountered is zero. On the other hand, for j > 0, there is a non-
null phase shift, and it does not depend on the chosen path (the discontinuities visible along the 
radial direction are just because the change in the sign of the Bessel function provides an 
additional phase shift). 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Fig. 5.3-3. |Ez|, Ez, and arg(Ez) patterns for j = 0 (above) and j = 2 (below). 
   
With the help of formula (5.12) it is interesting to test the range of validity of the 
aforementioned approximations needed to obtain (5.14). Apart from the absolute value of field 
intensity close to the PVL center, which is of course overestimated neglecting all losses, we also 
expect a deviation from a purely Bessel-like field profiles for small values of r0.  
In Fig. 5.3-4(a) we compare the cross sections of the |Ez| field profiles for different values of 
r0 for a single-turn gold [23] 1-PVL illuminated by (s = 1, l = 0) light (total j = 2), λ = 633nm. A 
relevant asymmetry in |Ez| is observed for r0 < 5µm. The field pattern on the plane in case of r0 = 
0.6µm is reported in Fig. 5.3-4(c) and is visibly asymmetric. This asymmetry however is 
reduced when multiple-turn spirals are considered. In fact, farther turns of the PVL contribute to 
a higher extent to the field at the center since they couple a higher fraction of impinging light 
owing to their higher linear cross section (provided dissipation losses do not prevail; further 
details on this point are given in next section). In Fig. 5.3-4(b), instead, we consider 1-PVLs 
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with r0 = 0.6µm, same illumination as before, and let the number of turns vary. As is seen, with 
a number of turn as high as 20, the symmetry of the field is recovered.  
  
 
(a) 
 
(b) 
 
(c) 
Fig. 5.3-4. (a) |Ez| calculated by means of (5.12) at fixed z along a diameter of a single-turn 1-PVL, with impinging 
circularly polarized light s=1 (l=0, λ = 633nm) for different values of r0. (b) same quantity calculated for r0 = 0.6µm 
and different turns number. (c) |Ez| map for a single turn 1-PVL with r0 = 0.6µm.    
 
 
5.4 Field enhancement at the center of a PVL 
 
An explicit analytical form for ESPP at the center of the PVL can be found in the interesting case 
of the circular equally spaced concentric rings (bull’s eye structure) illuminated by radially 
polarized light. This can be considered the case described by formula (5.15) with m=0, s=0, l=0. 
The results however are valid also for the more general case of j = m + l + s = 0. In this case 
the field at the origin due to a single circular groove placed at a distance r0 is just 
 0
| |
,0 0(0,0) ,SPPE
SPPik rr e  (5.18) 
and therefore the field intensity  
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The meaning of this behavior is easily understood. At small values of r0, the field 
concentrated at the center of the Bull’s eye increases proportionally to r0 since the groove 
length, and therefore the energy collected, increases linearly with the radius. This increase, 
however, is partially compensated by the natural SPP decay and, as a result, SPPs coming from 
very far grooves vanish before reaching the PVL center. 
The field enhancement in presence of N grooves can be computed from (5.18) by summing 
up the contributions coming from each groove: 
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We point out that this procedure makes sense, since the groove periodicity corresponds to the 
SPP wavelength and therefore the coupled SPPs constructively interfere at the PVL center.   
 
 
Fig. 5.4-1. (a) 2D axially symmetric FEM simulation of Bull’s eye structure illuminated by radially polarized light 
(zoom of the r = 0 region), color scale: log(|E|/|E0|+1). (b) Field enhancement in the whole model; inset: field 
enhancement compared to Bessel J0 close to r = 0. The plots reported refer to a 400 grooves Bull’s eye with 
period=760nm, groove thickness 20nm, slit/period=0.5, which are the optimal geometrical parameters to couple 
impinging TM-polarized light at λ = 780nm.  
 
In order to check the validity of the obtained results, we compared them with rigorous 
numeric FEM simulations. We used a 2D axially symmetric gold bull’s eye structure 
illuminated from above by means of port excitation (see Fig. 5.4-1(a)). Gold permittivity was 
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taken from literature [23]. The groove geometrical parameters (depth, width and period) have 
been optimized separately using a 2D periodic model of a groove grating normally illuminated 
by TM polarized light (similar to the ones used in previous chapters).  
Fig. 5.4-1(b) reports the simulation results of a 400-grooves bull’s eye optimized for λ = 
780nm. As is seen, a huge field enhancement of about a factor 500 is expected. Despite the 
presence of losses in metal, the field distribution at the center almost exactly follows a Bessel-
like profile, as predicted by the loss-free theory (Fig. 5.4-1(b), inset).  
We performed the FEM simulation for an increasing number of grooves and calculated the 
field enhancement at the center for λ = 633 and 780nm. Results are reported in Fig. 5.4-2 
(circles), where we superimpose the fits with the function given by (5.20), in which we let as 
free parameters a scaling factor and 
SPPk . The latter fit parameter is justified, since the 
imaginary part of the SPP propagating along a rough structure, like a grating, can be 
significantly higher than that one of the SPP on a flat metal-dielectric interface, as was 
discussed in Chapter 1. As a matter of fact, in order to obtain a good fit, 
SPPk  must be 1.7 and 
2.5 times higher than the values for the flat interface, respectively for λ=780nm and λ=633nm. 
The field at the center rapidly increases with r0 as a result of a larger light collection area. The 
contribution from very far grooves however is reduced due to plasmon decay. This is why the 
curve saturates to a maximum field value after a certain number of grooves.  
 
 
Fig. 5.4-2. Field enhancements at the bull’s eye center as a function of the groove number for λ=633nm (red) and 
λ=780nm (blue); FEM calculated values are marked with circles, solid lines are fits using expression (5.20). The 
grating period, slit/period and depth are as reported in Fig. 5.4-1 for λ=780nm, while for λ=633nm they are 590nm, 
0.5, 30nm respectively  
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It is interesting to note that the number of grooves at which the saturation takes place 
corresponds to a distance from the PVL center much longer than few SPP propagation lengths 
(L), as could be intuitively expected. For λ = 780nm and λ = 633nm, and for SPP on a flat 
surface L is respectively 40µm and 6.5µm, while for the SPP propagating across the grating it is 
23µm and 2.6µm respectively, according to the fit results. However the saturation length, turn 
out to be 300·0.76µm =228µm for λ=780nm, and 50·0.590=29.5µm for λ=633nm, which are 
roughly 10 times the respective propagation lengths.  
This unexpectedly high contribution to the field enhancement from far grooves is due to the 
lens effect of the Bull’s eye structure, that compensates the natural decay of SPPs while they 
travel toward the center. It is illustrated in Fig. 5.4-3(a), where we report the FEM simulation of 
a single circular groove with radius r0 much bigger than the SPP decay length. As is seen, 
although the generated SPP decays to a great extent traveling toward the center, the lens effect 
still determines a non-negligible field at the center, which exceeds the initial SPP field.  
 
 
(a) 
 
 
(b) 
Fig. 5.4-3. (a) Field produced by a single circular groove with radius r0 much higher than the SPP decay length. 
Vacuum wavelength is λ = 780nm; (b) Field enhancement at the PVL center in presence of infinite grooves as a 
function of wavelength. 
  
To our knowledge, this effect has been not well highlighted in literature so far, and most of 
the works involving multiple-turns PVLs for focusing purposes [152, 153, 154] considered only 
a very limited number of grooves.  
The maximum achievable field enhancement depends on the plasmon decay length which on 
turn depends on wavelength and on the material. While at λ=633nm it reaches a value of 80, at 
780nm it rises up to a factor 480 (Fig. 5.4-2(a)). In the limit of an infinite number of groove the 
Field enhancement is expected to be proportional to 
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and is therefore evident how the field enhancement is strongly dependent upon wavelength (Fig. 
5.4-3(b)). We notice that relevant enhancements are found only for λ > 550nm and reach very 
high values in the NIR. It should be also born in mind that, as mentioned before, the SPP decay 
length can be strongly decreased in presence of a rough surface. Roughness is present not only 
because of the grating coupler, but also may arise to some extent because of the metal 
deposition process. This can decrease significantly the maximum enhancements predicted in 
theory.  
 
 
5.5 Optical transmission enhancement through a holey PVL  
 
After having studied the angular momentum and focusing properties of PVLs it is interesting to 
study the interaction of the produced PV with nanostructures placed at the center of the PVL. In 
particular, beside highly concentrating the field at their center, PVLs offer the unique 
opportunity to manipulate angular momentum at the nanoscale. It is therefore possible to study 
the optical behavior of commonly and widely investigated nanostructures when excited by a 
plasmonic field carrying OAM. For instance, in one of the most recent publication by our group 
[155], we have shown that planar metallic tips placed at the PVL center can nano-focus portions 
of plasmonic vortices, and finally transfer a topological charge to the field in a region deep 
subwavelengh.    
 Here we will consider perhaps the simplest structure that can be placed at the PVL center: a 
circular hole. A holey PVL is depicted in Fig. 5.5-1. In this case the PVL is thought to be 
engraved on a finite-thickness metallic slab, the hole connecting the upper and lower semi-
infinite half spaces. 
  
 
(a) 
 
(b) 
Fig. 5.5-1. (a) Holey PVL, complete FEM model; (b) FEM model of an isolated hole in a metal slab. 
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Extraordinary Optical Transmission through nanoholes in metal slabs has been intensively 
investigated during the last decade [5]. In particular, it has been demonstrated a strongly 
enhanced transmission through the hole in two kind of structures: periodic arrays of nanoholes 
and single nanoholes surrounded by a proper Bull’s eye structures [5]. In most of the works in 
literature, plane wave linearly polarized illumination is considered while little attention has been 
devoted to study other kinds of illuminations. For example radially polarized illumination has 
been rarely considered, despite its symmetry naturally allows to optimally couple to circular 
SPPs and to hole TEM waveguide modes.  
The reason for this is probably that radially polarized light beams are relatively hard to be 
produced experimentally and, once obtained, they should be carefully aligned to the axis of the 
Bull’s eye structure. As was shown in previous sections, however, the combination of a 1-PVL 
with circularly polarized light with opposite chirality allows to easily obtain axially symmetric 
SPPs converging to the PVL center. More generally, a m-PVL allows to impress an arbitrary 
OAM to the generated Plasmonic Vortex, allowing to open a new degree of freedom in the 
design of EOT structures.  
In this section we study by FEM simulation the transmission properties of axially symmetric 
PVs through hole at the PVL center, while in next section we will address the angular 
momentum properties of the transmitted field.  
We consider the cases of a 200nm thick gold PVL on a glass substrate, assuming λ=633nm 
and λ=780nm impinging light wavelengths. As was shown in previous section the field 
enhancement at the center of the PVL saturates beyond ~ 50 and 300 grooves for the two 
wavelengths. We consider here a 100-groove and a 300-grooves Bull’s eyes, respectively for 
λ=633nm and 780nm, illuminated by radially polarized light, which mimics a 1-PVL 
illuminated by circularly polarized light with opposite chirality. The model layout is the same as 
that one reported in Fig. 5.4-1(a), but with a hole at the center. It is to be noticed that this kind 
of simulation does not take into account light transmitted directly through the hole. This is due 
to the radially symmetric illumination, which has necessarily a doughnut-shaped intensity 
profile, leaving the hole almost in the dark. The transmitted power is therefore only due to SPPs 
converging to the center, and quantifies therefore the PVL contribution to transmittance. In 
order to evaluate the contribution to transmittance due to light impinging directly onto the hole 
we considered a 3D scattering model of an isolated hole in a metal slab (Fig. 5.5-1(b)). 
Circularly polarized light impinges normally from above. The total transmittance can then be 
estimated from the two simulations as 
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where Ph and PPVL denote the contributions to transmitted power due to the hole alone and to the 
PVL, respectively, while Pin , Pin,h , Pin,PVL are the power incident on the whole structure 
(PVL+hole), on the hole only, and on the PVL only. The transmittances Th = Ph/Pin,h and 
TPVL=PPVL/Pin,PVL are directly evaluated from simulations (respectively, from the 3D and from 
the 2D axial-symmetric). The results are reported in Fig. 5.5-2(a) and (b). 
 
 
(a) 
 
(b) 
Fig. 5.5-2. Transmittance of holey 1-PVLs illuminated by circularly pol. light s = -1 (coupled PV has j = 0). (a) λ = 
633nm; (b) λ = 780nm. Grating geometrical parameters as specified in Fig. 5.4-1 and 5.4-2. 
 
As can be noticed from the axis scales, the total transmittance are lower than 0.1%. However 
this is not a small value taking into account that the normalization is to the power impinging on 
the whole structure. For λ = 780nm the whole structure has a diameter of ~ 300·760nm = 
0.23mm! At this wavelength the PVL strongly boosts transmittance at a hole radius of 400nm, 
resulting in a total transmittance that is roughly 600 times higher than that of the single hole. 
This enhancement roughly corresponds to the electric field enhancement at the center of the 
PVL without hole (see Fig 5.4-2 in previous section). The enhancement is more modest (a factor 
20) for λ = 633nm at a hole radius of 300nm. 
As it can be observed, the PVL contribution to transmittance is nearly zero until a certain 
critical radius, and then quickly grows reaching a first maximum. This is expected since the 
lowest order mode of a cylindrical hollow waveguide (the TE11 mode) has a cutoff at a radius R 
= 1.81λ/(2π), which corresponds to 185nm for λ=633 and 228nm for λ=780nm [156]. Below 
this radius, no mode is supported by a metal cylindrical waveguide. We report in Fig. 5.5-3(a) 
the PVL contribution to transmittance at λ=633nm for a wider range of radii (black curve), 
comparing it to the norm of the field at the center of a similar PVL but without hole (blue 
curve). The transmittance maxima clearly follow the maxima of the field interference pattern, 
except for very small holes.   
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(a) 
 
(b) 
Fig. 5.5-3. (a) comparison between transmittance through a holey PVL of a j = 0 PV (black line) with the effective 
indexes of the axis-symmetric modes available (dots) as a function of hole radius. The corresponding |E| field on the 
surface of a PVL without hole is also reported (blue line). (b) comparison between power flows transmitted through a 
hole of incoming PV with AM j. 
 
An explanation of this behavior can be found analyzing the optical modes supported by the 
hole as a function of its radius. In particular, in case of axial symmetric PVs incoming to the 
hole, the only waveguide modes excitable are those ones with axial symmetry, namely the 
TM0n. We superimpose to Fig. 5.5-3(a) the effective index of the axial symmetric modes as a 
function of hole radius. These were calculated by means of a 2D FEM modal analysis of a 
cylindrical hollow metal waveguide. The transmittance peaks pattern is clearly related to the 
availability of new modes as the radius is increased.  
In Fig. 5.5-3(b) we compare the transmittances for different values of the topological charge 
of the PV as a function of the hole radius. The behavior is similar to the j = 0 case: a series of 
peaks in transmittance is found which correspond to the optimal coupling to hole guided modes. 
The modes involved this times are the HEnm [157], namely those ones having a plasmonic 
character.  
In order to check the results obtained by 2D simulations we performed 3D simulations of the 
complete holey 1-PVL structure. In Fig. 5.5-4 we report the result of the calculation of a 10-
turns 1-PVL at λ=780nm, hole radius 360nm. From this 3D calculation the hole transmittance 
enhancement turns out to be 13.7, while from the 2D calculation it is given by the ratio between 
(5.22) and the first term of (5.22). The first term, obtained from the 3D simulation of the 
isolated hole is given by 0.88·(360nm)
2
/(10·760nm)
2
 = 0.002, while the second one, obtained 
from the 2D simulation is 0.026. Therefore the hole transmission enhancement results 
(0.002+0.026)/0.002 = 14, which is comparable to the value obtained from the full 3D 
simulation. 
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Fig. 5.5-4. FEM calculated |E| field distribution of a 10-turns 1-PVL illuminated by circularly polarized light. Above: 
x-y cross section above the metal surface; below: y-z cross section (lengths are in nanometers).  
 
 
(a) 
 
(b) 
Fig. 5.5-5. (a) transmittance (normalized to power incident on the hole) of a holey 1-PVL illuminated by circularly 
polarized light with opposite chirality (PV produced has j = 0) as a function of hole radius for different coil numbers. 
Wavelength is λ = 633nm. (b) same quantity at hole radius equal to 300nm as a function of the coils number.    
 
We performed similar 3D scattering simulations as a function of number of grooves and hole 
radius. Of course, since 3D simulations are much more computationally expensive, we were 
able to consider only a very limited maximum number of grooves. The transmittance 
enhancement, calculated as the ratio of the transmitted power to the power incident on the hole, 
is reported in Fig. 5.5-5(a) for λ=633, while in Fig. 5.5-5(b) the same quantity is reported for a 
hole radius of 300nm as a function of the number of spiral turns. It is observed a quadratic trend 
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as a function of the groove number. This can be expected from a simple integral of (5.19) in the 
PVL region where plasmon dissipation can be neglected, i.e. the exponential term is nearly 1.  
 
 
5.6 Angular momentum properties of the field transmitted through a holey 
PVL 
 
In this section we study the field transmitted through a holey PVL. In particular we focus on the 
transversal components (Ex, Ey) of the electric field produced by the interaction of impinging 
light with a holey PVL in vacuum. While transversal components are small in SPP waves 
travelling at the upper and lower metal-air interfaces, we find that they are instead the main 
components of the electric field inside the hole and represent also a relevant component of the 
spherical wave transmitted into the lower half space. A complete description and 
characterization of the electric field in these regions is of basic interest in all practical 
applications in which far field waves coming from the hole are detected. This is particularly true 
for example in perspective of possible sensing applications of the structure, in which target 
molecules interact with the highly concentrated field inside the hole. 
  As already discussed in previous sections, PVLs are able to couple impinging circularly 
polarized light into PVs described by Bessel surface waves, whose longitudinal field component 
is given by equation (5.14). We consider here a Laguerre-Gaussian (LG) beam normally-
impinging onto the structure of Fig. 5.5-1(a) carrying a topological charge with OAM li and 
SAM si. The OAM of the PV, resulting from the interaction of the beam and the m-PVL, obeys 
the selection rule given by equation (5.15). For the sake of clarity, in what follows we will 
distinguish the total topological charge j from the one of the PV, that we will call lPV.  
The angular momentum property of the PV coupled at the upper metal-dielectric interface is 
preserved while the field is transferred through the hole down to the underlying half-space, as 
was point out in [132]. Equation (5.15), however, provides a good description of the AM 
properties only of the evanescent part of the transmitted field, i.e. the Ez field component. In 
order to study the complete field distribution, we performed a set of full-field 3D finite elements 
optical simulations.  
Fig. 5.6-1 shows the results for the EM field distributions in case of bull’s eye structure 
illuminated by a LG beam carrying OAM li = 4, and SAM si = -1. As expected Ez results to be 
the main component of the electric field that emerges within a few hundred nanometers from the 
lower metal-air interface, owing to the presence of the PV propagating radially from the hole 
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(Fig. 5.6-1(a)). Looking at the Ex distribution in the x-z plane (Fig. 5.6-1(b)), however, we find 
that its magnitude is dominant in the region within the hole (see also insets of Fig. 5.6-1(c,d)). 
Moreover, far from the metal surface, the Ex and Ez components of the outgoing structured wave 
have the same order of magnitude.  
 
 
Fig. 5.6-1. Field distributions in the central part (radius lower than 3μm) of a 0-PVL illuminated by LG beam with li = 
4 and si = -1. Hole diameter is d = 800nm. Ez and Ex are reported in a y-z cross section (a), (b) and in x-y cross 
sections located 200nm (c) and 1.7μm (d) under the hole (positions are marked with dashed lines in (a) and (b)). 
Insets show Ez and Ex fields in a x-y cross section located in the mid of the gold film. All field values are normalized 
to max(|Ez|).  
 
The x-y cross sections (Fig. 5.6-1(c), (d)) show field patterns similar to the ones generated 
by an electric multipole rotating with angular frequency equal to ω’= ω/lPV, being ω the angular 
frequency of impinging radiation. The PV generated at the upper metal-dielectric interface 
induces such a rotating multipole charge distribution at the upper hole edge which propagates 
down to the lower hole edge [132] (Fig. 5.6-2).  
This can be verified comparing the Ex and Ez field distributions calculated with FEM 
simulations with the field distribution of a rotating multipole. Consider for example a rotating 
electric quadrupole given by a square with side a with charges ±q at alternate corners, rotating 
with angular velocity ω’ about an axis normal to the plane of the square and through its center. 
The electric field distribution generated by the quadrupole can be found to have the following 
analytical expression [139] 
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Fig. 5.6-2. Ez field distribution at 50nm under the lower hole edge (colorscale) and scheme of the corresponding 
surface charge distribution at the metal surface in case of j = lPV = 2. 
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where k = ω/c = 2ω’/c. Fig. 5.6-3(a,b) reports the Ez and Ex field distributions in a plane 1μm 
below the plane of rotation of the quadruple, assuming ω’ = 2πc/633nm. Fig. 5.6-3(c) reports 
the Ex field in the x-z plane. Fig. 5.6-3(d-f) reports the corresponding quantities calculated with 
FEM simulations of a Bull’s eye structure illuminated by Laguerre-Gaussian beam with li=1 and 
si=1 and producing therefore a PV with lPV=2 incoming to the hole, according to equation 
(5.15). Hole radius is 300nm. As is seen the field patterns are very similar and the topological 
charges of the fields are the same.   
The resulting emitted spherical wave can be expressed in the following general form which 
describes a z-propagating electromagnetic wave in non-paraxial regime [144] 
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where k = ω/c and the complex numbers α and β are chosen so as to satisfy the equation |α|2 + 
|β|2 = 1. The lf parameter in (5.6-2) is proportional to the beam OAM after the hole transmission, 
whereas the combination 
  * *fs i      (5.25) 
is proportional to the SAM of the beam. It is important to note that these identifications are not 
trivial in case of non-paraxial beams [144]. In case of circularly polarized beams sf = ±1 the 
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possible values for the parameters α and β are respectively 1/√2 and ±i/√2. The dependence of 
Ez on ϕ, therefore, reduces to exp[i(lf ±1) ϕ]. 
 
 
Fig. 5.6-3. Ez (a) and Ex (b) fields calculated with formula (1) in a x-y plane 1μm below the rotating quadrupole 
plane. Rotation angular frequency is taken ω’= 2πc/633nm. (c) rotating quadrupole Ex field in the x-z plane. (d-f) 
same quantities calculated with FEM simulations of a Bull’s eye structure illuminated by Laguerre-Gaussian beam 
with li=1 and si=1. 
 
It is then clear from Eq. (5.24) that the OAM of the outgoing spherical wave lf is obtained 
from the simulations calculating arg(Ex) or arg(Ey). The quantity arg(Ez) instead gives the total 
AM of the propagating radiation and is equal to lPV. 
As mentioned above, the physical origin of the propagating spherical wave is the rotation of 
surface charges induced at the lower hole edge. Thus, we expect the wave to possess a well-
defined SAM, always parallel to the total AM, j, i.e. j = lf  + sf = lf + sgn(j). Since the total AM 
transmitted through the hole is j=lPV, we can use Eq. (5.15) to relate lf to the AM properties of 
the impinging wave and to the spiral chirality, namely, 
 
 sgn( ) sgn( ) sgn( )f PV PV i i i il j j l l m l s m l s           (5.26) 
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Eq.(5.26) in particular implies that, if the sign of si  is the opposite of the sign of (li + m + si) 
≠ 0, then |lf| = |m + li |- 2; on the contrary, if these quantities have the same sign, then |lf|= |li + 
m|. In the former case, conservation of total angular momentum implies a spin flip, from si, for 
the impinging wave, to sf = –si for the transmitted spherical wave. This does not happen in the 
latter case.  
Eq. (5.15), which yields j = lPV from arg(Ez), and Eq. (5.26), which yields lf from arg(Ex), are 
confirmed by numerical simulations. In Fig. 5.6-4 we report the phases of Ez and Ex calculated 
respectively at a x-y plane 200nm and 1.7μm (see Fig. 5.6-1(a,b), dashed lines) under the lower 
gold-air interface in the case mentioned above of a bull’s eye illuminated by a LG beam with li  
= 4 and si = -1 (a,b) and in case of li  = 4 si = +1 (c,d). As expected the values found from arg(Ez) 
are lPV = 3 and lPV = 5 in the respective cases, according to Eq. (5.15). The quantity arg(Ex) 
shows, instead, topological charges of lf = 2 and 4 respectively for si = +1 and -1, according to 
Eq. (5.26). We notice that arg(Ex) is calculated sufficiently far from the gold surface in order to 
avoid the region of interference between spherical wave and PV.  
An analogous situation is found in the more general case of a m-PVL illuminated by a LG 
beam. Fig. 5.6-5 reports fields and phases in the two cases of a LG beam with li = +2 and si = +1 
impinging onto a PVL with m = +2 (a-d) and m = -2 (e-h) respectively. The spiral imprints an 
additional OAM to the coupled PV, thus we observe lPV = 5 for m = +2 and lPV = 1 for m = -2 in 
Fig. 5.6-5(b),(f), according to Eq. (5.15). Looking at arg(Ex) (Fig. 5.6-5(d),(h)), instead, we see 
a topological charge of lf = 4 and 0, which is in agreement with Eq.(5.26). The latter case 
corresponds to light carrying no OAM but only SAM. 
    
 
Fig. 5.6-4. arg(Ez) and arg(Ex) in x-y cross sections under the hole (d = 800nm) in case of LG beam with li = 4 and si 
= ±1 impinging on a 0-PVL (bull's eye).  
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Fig. 5.6-5. Ez and Ex and their phases for LG beam with li = 4, si = -1 impinging on a m = 2 PVL (a-d) and on a m = -
2 PVL (e-h). Hole diameter is d = 1.2μm, x-y cross sections positions as in Fig. 5.6-1. 
 
5.7 Conclusions 
 
Summarizing, we studied a class of plasmonic nanostructures able to efficiently couple 
impinging circularly polarized light to Plasmonic Vortices, i.e. to SPP carrying angular 
momentum. Such structures are multiple turns spiral or circular grooves milled in a metal thick 
slab, and are termed Plasmonic Vortex Lenses.  
We proposed general modeling scheme for the field produced by these structures in terms of 
the convolution of a plasmonic point spread function with the spiral shape of the PVL. The 
model is able to reproduce details of the phenomenology which are missed in the standard 
Bessel model, which neglects SPP dissipation and spreading losses. We then considered the 
focusing capabilities of PVLs showing that they are able to focus SPPs generated as far as tens 
of SPP decay lengths from their center, due to the lens effect. The enhancement produced at the 
center reflects on the transmission properties of a hole placed at the PVL center. Its transmission 
is dramatically boosted by the PVL-coupled incoming PV.  
Finally we investigated we have numerically investigated the properties of the field 
transmitted through a hole at the center of a m-PVL illuminated by a Laguerre-Gaussian beam 
carrying both OAM and SAM. We found a set of selection rules that control the mutual OAM-
SAM conversion in the evanescent and propagating components of the transmitted fields.  
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Final conclusions 
 
 
In this thesis work we explored the optical behavior of several plasmonic nanostructures by 
means of numerical Finite Elements electromagnetic simulations. We investigated both basic 
research aspects, having an interest by themselves, and the applications of some of the presented 
structures in the fields of photovoltaics and sensing. 
One basic problem in plasmonics is the study of the surface plasmon polariton propagation 
across planar periodic systems, what are called plasmonic crystal slabs. In this thesis we 
presented a finite-elements-based method for the modal analysis of such structures, which 
allows to retrieve the complex Bloch modes dispersions and field profiles, both of truly bound 
modes and of leaky modes. The latter in particular are of extreme interest in plasmonics, since 
they are commonly used to couple impinging light to SPPs as well as in experimental 
techniques such leakage radiation imaging. The method has been applied in the analysis of the 
interesting case of square arrays of holes in a metal slab, allowing to better clarify the role of 
periodicity and localized resonances in the phenomenon of Extraordinary Optical Transmission. 
A study as a function of the hole size, revealed that in the case of small holes (compared to 
wavelength) the EOT phenomenon is mainly correlated to Bloch modes, while increasing the 
holes size it is more influenced by single hole resonances.  
Another topic that was extensively studied in the present work was the application of one-
dimensional metal lamellar gratings as light trapping devices in solar cells. We carried out first a 
basic study of the optical properties of such plasmonic structures, showing that three main 
mechanisms are involved and determine their overall optical response, namely Surface Plasmon 
Polariton resonances, cavity mode resonances and Wood-Rayleigh anomalies. It has been 
shown that these optical features can be properly tuned and combined together, in order to 
achieve large infrared absorption enhancements in different regions of a underlying active 
material. In particular, cavity mode resonances combined with Wood’s anomalies enable 
considerable enhancements in large substrate thicknesses (+50% within 80µm in the substrate). 
These findings led to a final design and fabrication of a crystalline silicon solar cell 
implementing a plasmonic crystal. It was provided evidence that a benefit is obtained in the 
infrared part of the spectrum for the TM polarization, in agreement with predictions. 
A similar 1-D thin digital grating was applied also to a realistic thin film organic solar cell. 
We found that an overall absorption enhancement of +11% can be obtained including the 
optimized nanostructure within the solar cell stack. A detailed numerical study was carried out 
in order to underline the optical mechanisms underlying this enhanced absorption, which turned 
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out to involve a mix of collective and localized plasmonic resonances. For both kinds of 
resonances, simple analytical models have been formulated, which are able to catch the main 
physics involved. 
 In the wide panorama of the applications of plasmonics to sensing, particular attention has 
been devoted to the study of nanofocusing structures. In this thesis we considered metal-coated 
dielectric wedges including a step-like phase shifter at their back. The structure is able at a time 
to efficiently couple impinging light to SPPs and to guide them a the wedge ridge. Thanks to the 
phase shifter, the proper plasmon constructive interference is achieved at the ridge, allowing to 
obtain the nanofocusing effect. In addition, the structure is characterized by an extremely simple 
and up-sacalable fabrication process based on FIB milling anisotropic silicon wet etching and 
replica molding. Despite its simplicity, the process produces curvature radii at the ridge as low 
as 5nm. This nanofocusing configuration was never investigated in detail before and was never 
experimentally studied. We have shown by FEM simulations that a valuable nanofocusing 
effect can be obtained provided the optimal geometrical parameters and materials are adopted 
for the fabrication. Although for technical reasons we were not able to fabricate the optimal 
structure, we nevertheless could demonstrate experimentally the nanofocusing effect, by means 
of both near field scanning optical microscopy and Raman measurements. 
  Another study we carried out with explicit purposes of sensing applications, was the 
individuation and optimization of a proper plasmonic crystal suited for the implementation in a 
High Electron Mobility phototransistor device structure. The idea was to realize an intensity-
based optical biosensor combining in a single monolithic device a nanostructure highly sensitive 
to surface refractive index variation, with a highly sensitive detection platform. We investigated 
three different nanostructures, namely a sinusoidal gold grating, a lamellar grating and a 
triangular grooves grating on a gold thick film. Owing to the logarithmic response of the 
underlying phototransistor, we used as a figure of merit the relative transmittance variation 
produced by a small refractive index variation of a dielectric layer placed on top of the 
aforementioned structures. We found out that the an optimized triangular groove array is at a 
time most sensitive structure and easiest to fabricate. Its higher sensitivity with respect to the 
other structures has been ascribed to the coexistence of Fano resonance and vertical gap 
plasmon resonance, which characterizes the SPP Bloch mode of the structure. An estimate of 
the expected sensor resolution was given, R = 1.2·10
-5
 RIU, which is a pretty good value 
compared to other intensity-based biosensors.  
Finally, the last part of this thesis work concerned planar plasmonic lenses given by circular 
concentric rings or spiral grooves in a gold surface. These structure have the ability to transfer 
the angular momentum content (in the form of spin and orbital angular momentum) of an 
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impinging Laguerre-Gaussian light beam to a plasmonic wave, termed plasmonic vortex, which 
carries possibly also an additional arbitrary angular momentum as a function of the spiral shape.  
A semi-analytical model for the plasmonic vortex generation was proposed, which 
generalizes the ones already existent, allowing to take into account plasmon losses. The model 
was compared to finite elements simulations to investigate the angular momentum properties 
and focusing potentialities of such lenses. A field enhancement as high as 500 is expected in 
presence of a 300-turns gold PVL illuminated by circularly polarized light with wavelength 
780nm. Different kinds of 2-D and 3-D FEM simulations were then used to study the 
transmission enhancement potentialities of PVLs with a hole at their center, which are 
particularly interesting from an application point of view.  
Numerical simulations were also used to investigate the angular momentum properties of the 
field inside the hole and transmitted. This latter in particular is constituted by a plasmonic and a 
radiative spherical-wave-like component. The main finding we presented is that two distinct 
selection rules hold for the topological charge of these components. This result allows a more 
complete understanding of the phenomenology resulting from interaction of light with these 
kinds of plasmonic lenses, that so far was restricted to the plasmonic part of the field. The 
knowledge of the field structure inside the hole, moreover, allows to predict and engineer the 
interaction of the plasmonic vortices with possible nanostructure placed at inside the hole, such 
as nanotips or nanoantennas, opening up new application possibilities.     
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